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Abstract
Many people who have urinary incontinence manage it with the use of absorbent hygiene products,
such as pads. Long-term use of these products can lead to abrasion by friction between the topsheet
(a nonwoven fabric) and the skin, and is exacerbated when the skin is wet. However, the nature and
mechanisms of friction between skin and nonwovens are poorly understood, hindering progress to
improve products. Most work on skin friction to date has involved the use of skin surrogates or real
skin in the dry state only. Moreover, only a narrow range of different nonwoven fabrics have been
investigated. The work described in this thesis aimed to improve understanding of friction between
nonwoven fabrics and human skin, and was divided into four main blocks.
In the ϐirst, frictionwasmeasured between a skin surrogate (Lorica Soft) and 13 different nonwoven
fabrics, varying in structure, ϐibre material and manufacturing techniques. Amontons’ law was closely
obeyed for all nonwovens (that is, coefϐicients of friction were independent of normal force) and the
data were used to select a representative subset of ϐive nonwovens for subsequent work.
In the second block of work, an in vivo study of friction was conducted between the subset of (ϐive)
nonwovens and the dry volar forearm skin of 19 female volunteers (aged 20-95 years). It was found
that Amontons’ law also held for all of these measurements, despite the general viscoelastic nature of
humanskin, the rangeof skin types (fromsmooth and ϐirm towrinkled and ϐlaccid) and thedifference in
ages. The coefϐicient of friction for a given fabric varied considerably between participants (an increase
of up to 101% of the lowest coefϐicient value), but the fabrics were generally ranked in the same order
for all volunteers.
The third block of work involved the measurement of wet friction between the subset of ϐive non-
wovens and volar forearm skin of ϐive of the study participants. In general, the coefϐicient of friction
increasedwith skinwetness/hydration by up to a factor of thirteen until the skinwas damp/moist. The
relationship for very wet skin (with surface water) – thought to be lubricated – was unclear and varied
between participants and between nonwovens. However, further work would be required to locate
and quantify the excess water in and on the skin, in order to more accurately evaluate the contribution
of water to friction.
Finally, in the fourth block ofwork, the ϐibre footprints of nonwovens against a surrogate skin surface
(glass microscope slide) were examined, providing insight into how friction is mediated by the inter-
face. Total ϐibre contact length was always extremely low (typically 0.3-1:6mm mm-2) and increased
linearly with the log of pressure, usually due to an increase in the number of contacts and sometimes
because of an increase in the lengths of existing ϐibre contacts.
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Glossary
Amontons’ laws of friction Friction force (F) is directly proportional to the applied normal force (L)
(F = :L) and the coefϐicient of friction () is independent of nominal contact area.
Asperity Apeakorprojectionona surface,which reacheshigher than the averageheight of the surface
and contributes to its surface roughness. This is where true contact initially occurs.
Compliance The ability of a material or body to deform under stress; low compliance implies high
modulus and vice versa.
Coverstock The top sheet of an absorbent hygiene product (such as an incontinence pad). This com-
ponent remains in contact with the skin and is usually a nonwoven.
Decitex The standard international unit of the linear density of ϐibres thatmake up a fabric, measured
in grams per 10km.
Dynamic or kinetic friction (force) The frictional force that resists sliding at the interface of two sur-
faces that are in relative motion.
Elastic deformation Temporary/reversible deformation of a material without energy dissipation.
Necking Lateral deformation (narrowing) of a strip of nonwoven fabric, between two points of con-
tact with other bodies, in response to tensile stress.
Nonwoven A fabric composed of one long continuous ϐibre or many shorter ϐibres of any material,
using any web-forming and/or bonding process except for weaving or knitting.
Pinning This is effectively localised stick-slip as ϐibres pinned to a point are suddenly released before
pinning themselves again to another region. It means that there is weak viscoelastic deformation and
that slip at individual points of contact occurs at a much greater speed than the mean sliding speed,
resulting in a large dissipation of energy and, therefore, a higher friction force.
Plastic deformation Permanent/irreversible deformation of a material or body.
Ploughing A mechanism of friction involving the plastic deformation of interacting surfaces due to
the creation of grooves on one surface by asperities on the other.
Rucking The formation of folds in the skin, usually caused by the application of a shear stress.
Static friction (force) The frictional force that resists the initiation of sliding between the surfaces of
two stationary objects.
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Stick-slip The phenomenon of sliding between two surfaces, interspersedwith pauses, where the dif-
ference between static and dynamic friction forces is large, and the relative velocity of the interacting
surfaces is usually much faster than the mean.
Transepidermalwater loss Thepassive ϐlux ofwater out of thebody through thedermal andepidermal
layers of the skin. It is natural and constant and is measured in mass (grams) per unit area of skin
(square metres) per unit time (hour). Abbreviation: TEWL.
Tribology The study of friction, wear and lubrication (or relativemotion between surfaces in contact).
Viscoelastic deformation A time-dependent material deformation, in which the rate of deformation
determines the stress required. Deformation is not normally permanent.
Voigt and Reuss models Simpliϐied models of (isotropic) composite materials under constant strain
(Voigt) or constant stress (Reuss), which can be used to approximate their elastic properties.
Water vapour ϔlux density The ϐlux density of water measured on the surface of the skin, from TEWL
and any other source (including water applied by occlusion). The units, as for TEWL, are grams per
square metre per hour (g:m-2:h-1). Abbreviation: WVFD.
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Abbreviations and common symbols
The following abbreviations and symbols are used relatively frequently throughout this thesis and
have been grouped according to their usage. Most were deϐined when they were ϐirst mentioned in the
text, but this list serves as a quick reference for their inclusion beyond that point.
Materials
LS Lorica Soft (the skin surrogate)
Dtex Decitex (a measure of linear density)
MD Machine direction
PP Polypropylene
PET Polyethylene terephthalate
PE Polyethylene
S/C bico Sheath/core bicomponent
Friction
CoF,  Coefϐicient of friction
s Coefϐicient of static friction
d Coefϐicient of dynamic friction
Fmax Maximum tensometer force
ø Diameter
ECR Environmentally Controlled Room
RH Relative humidity
S-S Stick-slip
Skin hydration
TEWL Transepidermalwater loss
WVFD Water vapour flux density
FPS Fingerprint sensor
GS Greyscale
BL Baseline
vii
Fibre footprints
TIFF Tagged Image File Format
EPS Encapsulated PostScript
BASH Bourne Again Shell
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CčĆĕęĊė 1
IēęėĔĉĚĈęĎĔē
“The essence of science: ask an impertinent question, and you are on your way to a
pertinent answer.”
— Jacob Bronowski, 1908-1974
UėĎēĆėĞ ĎēĈĔēęĎēĊēĈĊ (UI), the involuntary loss of urine, is very common. Approximately ϐive mil-lion people in the UK are known to be incontinent of urine, and the prevalence is anticipated to
increase further as the older proportion of the population grows [1]. There is a large range of causes of
UI, some of which can be eliminated to cure the condition. Where this is not possible, some symptoms
may be alleviated using physiotherapy, medication or surgery. However, in many cases, the aforemen-
tioned treatments are either inappropriate or ineffective when implemented alone and it is necessary
to manage the condition with products such as incontinence pads and diapers.
Absorbent products are currently the most commonly used for management of UI, but many pad
users suffer skin damage or irritation in the diaper area following long-term use of these products
[2]. This is referred to as Incontinence Associated Dermatitis (IAD) [2], of which there are two major
contributors: friction and urine. In order to understand the mechanisms by which the skin damage
occurs, it is necessary to ϐirst consider the mechanical and chemical components separately.
In previous studies by students of the Continence and Skin Technology Group of University College
London, friction has been the component of interest. Wong [3] examined friction between volar fore-
arm skin and nonwoven fabrics in the presence and absence of moisture. Cottenden [4] investigated
friction between nonwoven fabrics and a skin surrogate, where adhesion was identiϐied as the most
likely main friction mechanism, and measured the ϐibre footprint at the interface. The principal aim of
this project was to improve the understanding of frictional interaction between nonwoven fabrics and
human skin, focusing on the impact of skin hydration and age, and the various nonwoven properties
and manufacturing processes. It builds on work carried out to date and it is anticipated that this will
eventually lead to the improvement of nonwoven materials so that they are more “skin-friendly”.
In this thesis, there are seven chapters, four of which describe experimental work carried out during
this project. After this chapter comes a review of the literature (chapter 2) on friction between skin
and various materials, and other related work. Chapter 2 ends with a comprehensive explanation of
the aims and objectives of the work presented in this thesis. Subsequent chapters (3-6) describe the
experimental work – which has been split into four main strands – and their overall outcome (chapter
7).
Chapter 3 contains work on nonwoven-skin surrogate friction, a continuation of work carried out by
Cottenden [4], using a wider range of nonwoven fabrics with different material properties.
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Chapter 4 describes the ϐirst part of a study on friction between volar forearm skin in vivo and nonwo-
ven fabrics. This involved measurements on the normal/dry skin of 19 female volunteers (aged 20-95
years), the methodology for which was based on that used by Wong [3].
Chapter 5 focuses on the second part of the same study, which involved wetting the skin and nonwo-
ven and measuring friction as a function of skin wetness, as the skin dried out.
Chapter 6 describes the investigation of nonwoven ϐibre footprints against glass microscope slides,
using the same techniques as Cottenden [4]. The effects of applied pressure and area density on total
ϐibre contact length were compared.
In order tomaintain a coherent structure, the details (methods, results, discussions) of each of these
strands are discussed in their individual chapters, but a brief general discussion of all results and con-
clusions is found in chapter 6. Here, ϐindings from one strand of work may help to interpret those of
another that could not be explained alone. A summary of conclusions and suggestions for future work
are detailed in the ϐinal chapter (7).
CčĆĕęĊė 2
LĎęĊėĆęĚėĊ RĊěĎĊĜ
“All progress is precarious, and the solution of one problem brings us face to face with
another problem.”
—Martin Luther King, Jr., 1929–1968
In order to improve the understanding of friction between human skin and nonwoven fabrics, it is
important to ϐirst have some understanding of the anatomy and physiology of the skin, some of its
mechanical properties and how it interacts with various other materials in friction. Knowledge of the
manufacturing processes and properties of nonwoven fabrics, as well as general friction mechanisms,
also contributes to the comprehension of their behaviour when in contact with the skin. This chapter
covers all of these, with particular focus on the existing literature on skin friction, which highlights
the most relevant work carried out to date that has led to the advancement of various products and
technologies that come into contact with the skin. It ends with a summary of what is already known
about skin, nonwovens and friction, followed by the aims and objectives of this project.
2.1 Incontinence
Incontinence has long been a taboo topic of conversation and used to be considered a shameful con-
dition, not to be discussed openly in public or even in private, if possible. More recently, people have
become more aware of its prevalence and the available treatment options, while progressive research
has enabled the enhancement of such treatments and provided new alternatives.
2.1.1 Deϔinition
The term urinary incontinence (UI) refers to the involuntary leakage of urine from the bladder [5, 6].
There are different types ofUI, deϐinedby their symptoms– see below. Stress andurgency incontinence
are the most common types, estimated to account for about 90% of cases [7].
Stress incontinence is the term that describes UI occurring due to weakening of the pelvic ϐloor mus-
cles, resulting in leakage of urine when there is raised abdominal pressure (e.g. when coughing, sneez-
ing, laughing, jumping or weight-lifting) [7, 8]. The pelvic ϐloor often becomes damaged during labour,
causing stress incontinence post partum.
Urgency incontinence is the type of UI relating to the sufferer feeling a strong desire to void immedi-
ately before or during an uncontrollable release of urine [7]. It is commonly found in people who have
had a spinal cord injury or detrusor-sphincter-dyssynergia, or have a congenital disease such as spina
3
Literature Review 4
biϐida; it is often paired with faecal incontinence in such cases [8, 9]. Lower urinary tract infection is
another cause.
Mixed UI is a combination of the two types described above.
Overϔlow incontinence is typically not considered a type of incontinence as it mostly involves chronic
retention of the urine in the bladder. However, the fact that people who have this condition cannot
fully empty their bladder, means that they frequently void small volumes of urine [10]. It is mostly
associatedwith anobstruction of the urethra, causedby conditions such as benignprostate hyperplasia
(in men).
2.1.2 Prevalence
In the UK, an estimated 3-6million [7], and in the “developedworld” over 50million people are known
to be incontinent of urine [11], however, it has been suggested that there is a considerable number
more who suffer with urinary continence, too ashamed to tell anyone. The use of pads for women is
more common than anyothermanagement device or treatment in at least four countries in Europe (UK,
Spain, France and Germany), although the ϐigures are trivial compared to the total number of women
suffering fromurinary incontinence in these countries [12]. Figure 2.1 shows the estimated prevalence
of different types of UI worldwide for 2008 and future years.
Figure 2.1: Total number of people worldwide estimated to have urinary incontinence in 2008, 2013 and 2018
(based on [13]); UUI = urgency urinary incontinence, MUI =mixed urinary incontinence and SUI = stress urinary
incontinence
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2.1.3 Management
Depending on the type and severity of the incontinence and the condition of a person’s health, it can be
cured, treated or managed. In an ideal situation, all cases of incontinence would be cured (urinary and
faecal), but this is not possible, so other “solutions” are sought for those who cannot be cured. Some
types of incontinence can be treated with medication and/or surgery, for example, the insertion of a
sling to support the bladder when the pelvic ϐloor is damaged, or the implantation of a device to stim-
ulate the sacral nerves for those with urgency incontinence. Other, non-surgical treatment includes
bladder training, exercising weak pelvic ϐloor muscles and dietary changes. Nonetheless, as long as
the incontinence remains, it also needs to be managed. There is a plethora of obstruction, drainage,
containment and absorbent products available to manage incontinence, the distribution of which de-
pends on available funding, resources, healthcare policies, needs of the user and user/carer preference.
Some examples of existing absorbent product types were described by Cottenden et al. [2] and have
been summarised below.
Inserts, sometimes referred to as liners or shields, are placed in underwear and are used for light
urinary and faecal incontinence. Disposable inserts often have an adhesive strip and/or colour indi-
cator to guide the user with replacement frequency. They are sometimes elasticated longitudinally to
prevent lateral leakage.
Diapers are also ‘all-in-ones’ or briefs. They commonly have elasticated waist and leg regions, and
self-adhesive tabs (for disposable products) or velcro tabs (for washable ones). Some diapers come
with built-in ‘wetness’ indicators and standing gathers. These are used by people with moderate to
very heavy urinary and/or faecal incontinence.
Pull-ups are normal-looking pants with an absorbent material incorporated into the design, either
at the crotch or throughout the pant. The design varies to cater for a range of levels of incontinence
(light-heavy).
Underpads: Different-sized rectangles of absorbentmaterial, knownasunderpads, areplacedonbeds
and chairs. Washables sometimes have high-friction backing or wings to secure it to the surface. They
can act as back-ups for pads if they are low in absorbency, or can provide sole protection if they are
highly absorbent.
2.1.4 Problems associated with incontinence product use
With such a variety of devices for the management of incontinence, there still exist some problems
associatedwith their use. Examples include risk of infectionwith catheters, and leakage and skin dam-
age with absorbent products. Although the beneϐits often outweigh the risks, the impact on social and
health aspects persists and does not always abate. For UI, the aim of absorbent products is to absorb
and contain the urine, while keeping the skin dry. If the pad leaks – due to insufϐicient capacity or low
absorption rate – it would defeat the purpose of its use. Moreover, it has the potential to compromise
the integrity of the skin when worn for long periods of time, on a long-term basis. It is further exacer-
bated by the presence of urine in contactwith the skin and can lead to other health problems orworsen
existing ones.
Incontinence-associated (or perineal) dermatitis (IAD) occurswhen the skin comes into contactwith
urine and/or faeces for prolonged periods of time, resulting in localised inϐlammation of the skin [14].
This can occur when the skin is occluded by absorbent or other containment products [15]. It has
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also been associated with friction between the skin and topsheet of a pad and can be confused with
other skin conditions when the cause is not clear [16]. In recent years, much work has been done
to investigate the diagnosis and treatment of IAD, but less research has been conducted to properly
analyse its onset and mechanisms that stimulate it. The contribution of friction is currently unclear as
most of the focus has been placed on the impact of moisture on perineal skin alone, possibly because
it would be unethical to deliberately induce friction between the topsheet of a pad and a person’s skin
until damage actually occurs. According to Getliffe et al. [17], “comfortwhenwet” or “keeping skin dry”
is ranked in the top ϐivemost important features of absorbent products bywomenwith light UI for both
day and night. These factors are also important to many others, so the inϐluence that pad design may
have on IAD is worth investigating.
2.2 Skin
2.2.1 Anatomy and physiology
The skin is the largest organ of the human body, typically covering an area of around 2m2 on a fully
grown adult and varying in thickness across the body [18]. Its main functions are to inhibit the loss
of water and other vital substances in the body, and to protect the body from unwanted and harmful
substances and environmental factors (see table 2.1). The skin consists of three layers, each of which
has a particular purpose. These are the epidermis (superϐicial), the dermis and the hypodermis (deep),
and are described in detail in anatomy and physiology books by Weller and Hunter [18], and Saladin
[19].
Table 2.1: Functions of various skin components (an adapted reprint fromWeller et al. [18] Copyright © 2008
Richard Weller, John Hunter, John Savin, Mark Dahl, with permission from John Wiley and Sons)
Function Structure/cell involved
Protection against:
chemicals, particles Horny layer
ultraviolet radiation Melanocytes
antigens, haptens Langerhans cells
microbes Langerhans cells
Preservation of a balanced internal environment Horny layer
Prevents loss of water, electrolytes and macromolecules Horny layer
Shock absorber (strong, yet elastic and compliant) Dermis and subcutaneous fat
Temperature regulation Blood vessels, endocrine sweat glands
Insulation Subcutaneous fat
Sensation Specialised nerve endings
Lubrication Sebaceous glands
2.2.1.1 Epidermis
A collection of graduated strata make up the epidermis; every layer is dense with cells. Cells from the
deepest (basal) layer travel upwards toward the surface as the outermost cells are removed and new
ones are generated. This top layer is called the stratum corneum and consists of ϐlattened dead cells.
Depending on the thickness of the skin, there are four or ϐive sub-layers to the epidermis, namely, from
deep to superϐicial, the stratum basale (SB), stratum spinosum (SS), stratum granulosum (SG), stratum
lucidum (SL) and the stratum corneum (SC).
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Stratum basale: The SB (or basal layer) contains keratinocytes and stem cells, usually cuboidal in
shape. When the stem cells divide, replacement keratinocytes are produced.
Stratum spinosum: In the SS, mitosis gradually stops, leaving cells ϐilled with increasing amounts of
keratin ϐilaments, which gives them a ϐlattened form where the SS meets the SG. When the skin is thin
or an average thickness, this is the thickest layer; otherwise the SC is recognised as thickest.
Stratumgranulosum: Several layers of ϐlattenedkeratinocytes ϐilledwith coarse keratohyalin granules
make up the SG, as well as relatively few dendritic cells. This layer is partly responsible for producing
some impermeability towater bymeans of a lipid concoction secreted frommembrane-coating vesicles.
These vesicles are produced by the cells after apoptosis begins and the cytoskeleton becomes a mass
of keratin when it bonds with matter discharged by the granules. All cells above this layer tend to die
quickly due to its poor permeability to water, which in turn impedes the transport of nutrients.
Stratum lucidum: It is for the above reason that nuclei and organelles are absent from the cytoplasm
of SL cells. The layer is consequently translucent and only visible in thicker skin.
Stratum corneum: Thirty layers of dead keratinocytes constitute the SC. The layer produces an almost
completely waterproof surface with relatively high elastic moduli (indentation – 600kPa at 25% RH;
tension – 0.04-10106kPa at 25% RH or 6-10104kPa at 98% RH) well-suited to its position as most
superϐicial stratum [20].
The epidermis and dermis have processes that interconnect at the layer interface: epidermal ridges
from the basal layer of the epidermis and dermal papillae from the dermis [19]. (See ϐigure 2.2.)
Figure 2.2: Diagram showing layers and components of human skin (reprinted fromWeller et al. [18] Copyright
©2008 Richard Weller, John Hunter, John Savin, Mark Dahl, with permission from John Wiley and Sons)
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2.2.1.2 Dermis
The dermis acts as a source of nutrition for the epidermis and also provides structural support. Bun-
dles of ϐibres (mainly collagen) in a woven lattice that make up the dermis enable its structural role.
Strength is provided by the collagen (approximately 70–80%of the dryweight) and elasticity by elastin
(roughly 2%), both of which contribute to the skin’s resistance to tears and permanent deformation
when exposed to tensile forces.
Collagen ϐibres are able to withstand high tensile forces along their length due to their structure –
narrower structures called ϐibrils, composedof triple helical structures knownasmicroϐibrils (collagen
molecules), combine to form the collagen ϐibres. The triple helices are formed from three individual
polypeptide chains, both ends of which are not helical. Fibres are “ϐiner” in the papillary dermis than
deep in the reticular dermis.
Hyaluronic acid, dermatan sulphate, heparan sulphate and chondroitin sulphate, together make up
the dermal “amorphous ground substance”, which is responsible for many important roles of the der-
mis. Namely:
• damping of the skin by providing “bulk” to oppose impact forces
• nutrient transport facilitation – watermolecules are cohesively bound for the transport of nutri-
ents, waste products and hormones through this layer
The ground substance also lubricates all the ϐibres (collagen and elastin), enabling the dermis to
move and deform quite easily/smoothly. Wrinkling and stretch marks (striae) in the skin can occur
due to the rupture of collagen ϐibres (pregnancy, obesity, etc.) when the skin is distended excessively
[19].
2.2.1.3 Hypodermis
The hypodermis, also known as the subcutis, contains a large amount of subcutaneous fat (or adipose
tissue) which acts as an energy store and also provides insulation from the cold [18, 19]. There are
also collagen ϐibres present in this layer [21]. It is well vascularised and therefore provides a nutrient
supply to the dermis and good transport system for the extraction of harmful substances from the skin.
The interface between the dermis and hypodermis is not clearly deϐined, although the layers can
roughly be identiϐied by their composition. The adipose tissue is more highly concentrated in some
areas of the body than others, such as the abdomen and thighs. It is typically thinner in men, young
children and elderly people.
2.2.1.4 Other structures
Muscle: Muscles in the skin have reduced function compared with those of other animals. “Goose
pimples” arise due to the reaction of smooth muscle in cold temperatures. Some facial expressions are
controlled by some of the muscles in the dermis.
Blood vessels: Body temperature is maintained or adjusted by the network of blood vessels within
the skin. In cold conditions, blood is retracted from superϐicial vessels to conserve heat, but normally,
vessels in a plexus close to the dermis-hypodermis interface supply the sweat glands. Blood has no
nutritional purpose in the superϐicial epidermis because most of the cells in this layer are dead.
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Nerves: There is an abundant supply of nerve ϐibres in the skin, themajority ofwhich are concentrated
in the face and limbs. Of the free sensory nerves, only the minority extend as far as the epidermis;
these are non-myelinated. However, these nerves do not typically penetrate the skin superϐicial to the
dermis. Nerves of the autonomic system are responsible for regulation of the arrector pili muscles
and sweat glands, as well as the blood vessels. Our ability to sense skin deformation in one form or
another depends on the mechanoreceptors, and heat and pain on nocioreceptors. These contribute to
the preservation of the skin’s barrier activity.
Hair: Hair shafts are cylindrical in shape, consisting of a soft keratin centre (medulla), hard keratin
in the cortex (intermediate layer), and the cuticle (outer layer), making the hair stiffer [22]. Each shaft
is ϐixed in the skin by means of the hair root and is produced by the hair follicles, which are found as
deep as the lower part of the dermis, often penetrating the hypodermis.
Exocrine glands: Sebaceous glands and sweat glands are the exocrine glands of the skin [22]. Secretory
sebaceous gland cells rupture to release large amounts of lipids known as sebum. This coats the hair
shaft to protect them from breakage; once dead, keratinised cells are suceptible to dehydration and
rupture outside the body. Sebum also reduces bacterial growth.
2.2.1.5 Stratum corneum
The stratum corneum, also known as the horny layer, is the most superϐicial layer of the epidermis
[18, 19]. It is of particular interest here because it is the layer of skin that comes into direct contact
with the coverstocks of incontinence pads and similar products. It is where initial damage arises. The
stratum corneum consists of corneocytes (ϐlattened and dead keratinocytes) in an extracellular matrix
with lipids [18] – see ϐigure 2.3. Corneocytes are full of keratin ϐilaments and are enclosed by a ker-
atohyalin granule derivative, making each entire cell mechanically tough and resistant to chemicals.
According to Forslind [23], it is feasible that the extracellular lipid bilayers are, in fact, supported by
a ‘mechanical scaffold’ of corneocytes. It is also thought that the mechanical stability of corneocytes,
parallel to the surface of the skin, is a result of keratin ϐibres within the corneocytes, mostly aligned in
the same direction.
The top layer of corneocytes are removed by a process called desquamation (or exuviation), which
usually occurs to displace external harmfulmatter from the surface of the skin [23]. New keratinocytes
Figure 2.3: Corneocytes in extracellular matrix of lipids
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are continuously being regenerated to replace those shed from the supeϐicial epidermis [18, 19]. Mito-
sis occurs deep in the epidermis and new keratinocytes are forced upward (for 30-40 days). Trauma to
the skin causes an increase in rate of regeneration of these cells. In fact, it is injured epidermal tissue
that has the highest rate of all bodily tissues [19]. The time required for a cell from the deep epidermis
to reach the surface increases with age, which may explain why old skin appears to be thinner than
young skin.
When the stratum corneum swells, this happens almost entirely perpendicular to the surface of the
skin, thereby reducing parallel deformation of intercellular matter as well as surface roughness. These
may be desirable because lipids in the intercellular matter are required to minimise water transport
through the skin and so must maintain their area parallel to the skin to remain effective. If it were
possible for swelling to increase skin surface roughness, othermechanical properties of the skinwould
also be compromised. Although it is often perceived that the hydrophobic nature of lipids would cause
water to travel only through the corneocytes, there are some cases where water can also pass around
the cells. This is, speciϐically, when lipid bilayers are in their liquid-crystalline state (between a normal
liquid and a solid crystal state, wheremoleculesmay have a common orientation but no ϐixed position)
[23]. Nevertheless, most lipid bilayers are in a crystalline gel state and are therefore closely packed
and essentially impermeable to water.
Although the stratum corneum (SC) is not completely impermeable to ϐluids, it acts as a good barrier
on both sides – against endogenic ϐluids evaporating via routes other than sweat pores, and exogenic
ϐluids attempting to enter the body. If essential fatty acids (such as cholesterol, ceramides and free fatty
acids) arewithdrawn from the epidermis, its effective permeability is increased, thereby compromising
the skin’s barrier function. Removing the stratum corneum altogether, over-hydrating, dehydrating,
and applying detergents to the skin can all (individually) increase cutaneous permeability considerably
[18].
Desquamation of corneocytes passively protects against infection, however, a range of antimicrobial
peptides present in the skin provide an active defense against unwanted microorganisms. The rate of
penetration of a material through the epidermis normally depends on local SC thickness and concen-
tration gradient across this layer. It also depends on the substance itself; water permeates more easily
than, for example, sodiumand potassium ions, and other electrolytes. The SC also has lowpermeability
to various non-ionising compounds such as urea and glucose. Although the properties of a solvent are,
for the most part, responsible for the permeation of a solute, the temperature of the skin can increase
penetration rate.
The surface topography of human skin on amicroscale should, logically, depend on themost superϐi-
cial layers of cells in the stratumcorneum. It has beenwidely investigated, using a variety ofmechanical
andopticalmeasurement techniques, in vivo and in vitro, leavingmuch to be desired bywayof accuracy.
However, a recently published study, by Kottner et al., compared two optical techniques for examining
the skin proϐile in vivo [24]. It was concluded that both methods (SELS – digitally processed camera
imaging – and PRIMOS – measuring the deϐlection of projected lines on the skin) were consistent in
their prediction of surface topography of the skin. While this was an interesting study, the imaging
techniques would be inappropriate for use during friction measurements to monitor changes in the
surface of the stratum corneum.
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2.2.2 Transepidermal water loss
Much has been discussed here about the role of the stratum corneum (SC) as a barrier against wa-
ter/ϐluid loss. However, there is a natural constant loss that takes place regardless, called transepi-
dermal water loss (TEWL) [25]. TEWL inevitably occurs due to passive water ϐlux through the dermal
and epidermal layers (approx. 70% hydrated) toward the essentially dessiccated (approx. 10% hy-
drated) superϐicial layers of the SC [26]. Some water remains in the skin, while some evaporates from
the surface, the ratio of which depends on the temperature and humidity of the surroundings.
It is important to note that TEWL does not include water lost in sweat. It is now commonly accepted
that damage to the skin negatively affects its barrier function, thereby increasing TEWL [25]. This
damagemay occur due to trauma, excessive hydration, or any of the other aforementionedmechanisms
(see §2.2.1.5). TEWLcanbequantiϐied by takingmeasurements, on untreated skin, ofwater vapour ϔlux
density (WVFD), which is deϐined as “the ϔlux density of liquid water in grams per square meter per hour
(g:m-2:h-1) measured on the skin surface that is not only contributed to by TEWL” [3].
It is not possible to directly measure TEWL practically because water loss through the skin is not
visible, therefore it is unclear what proportion of the WVFD is attributed to TEWL. However, with the
external application of excess water to the skin surface, the WVFD graph will show a peak, eventually
followed by a plateau at equilibrium. The plateau indicates baselineTEWL,which is the TEWL in stable,
environmental (temperature and humidity) and bodily conditions, when the person (on which mea-
surements are being made) is relaxed – see ϐigure 2.4. The peak represents the loss of excess water,
the area beneath which is equivalent to skin surface water loss (total mass of excess water lost from
the surface per square meter), when baseline TEWL has been subtracted [3].
Many evaporimetry devices (for measuring TEWL at the skin surface) have been used in a range of
applications and some have been compared for reliability [3]. However, the general consensus is that,
provided measurements are normalised, there is good agreement between instruments [25]. TEWL
measurement techniques are grouped according to instrument design: open-chamber, closed-chamber
and ventilated chamber methods. Some are used more than others, but no further detail will be in-
cluded here as it is not particularly useful or relevant to any choice of evaporimetry device used in this
work.
This image has been removed by the author for copyright reasons.
Figure 2.4: Example desorption curve (change in WVFD over time) – from [26]
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While TEWL can be converted directly to an estimated value of the water content in the skin, such
measurements are typically time-consuming and an instantaneous value cannot be obtained. Other in-
struments for quickly estimating the hydration of the skin include a ϐingerprint sensor and Corneome-
ter [27, 28]; both are capacitive devices that provide a representative (arbitrary) value of skin hydra-
tion. The formerworks bymeasuring the capacitance of a region of skin and creating a visual plot of lo-
cal readings and corresponding greyscale values (on the computer towhich the device is attached); this
measurement is repeated several times during the space of as little as one second. Themean greyscale
of the output images is related to the skin hydration – the higher the value, the more water is present
in the skin (with a maximum value of 255) [27]. Unfortunately, the depth of penetration is not known,
so it is difϐicult to determine by how much the readings are inϐluenced by water present deeper in the
epidermis. The Corneometer consists of two probes (digital and analogue), containing gold electrodes,
connected to a small recording device [28]. Any frequency shift in the oscillating system, associated
with capacitance of the skin, is recorded and the value is considered to represent skin hydration. With
the digital probe, a larger variation in values can be observed when the skin is dry – possibly because
the capacitors are more sensitive in these conditions – but less so when there is an excess of liquid. Ex-
periments have been conducted to investigate the measurement depth, and it was found that readings
were still obtainable at 15μm from the probe, although values were considerably lower.
2.2.3 Skin trauma
As previously mentioned, skin can undergo both chemical and mechanical damage due to a combina-
tion of urine (and faeces) and friction forces in the case of people with incontinence. It is important to
understandwhy and how this can occur in order to be able to alleviate symptoms or to treat or prevent
the trauma altogether. Much research has been carried out to investigate the impact of overhydration
and friction of the skin on skin damage. This varies from studies on lesions that can arise from daily
activities, such as shaving, rubbing leading to blister formation and the application of cosmetics, to skin
trauma as a direct result of prolonged pad usage or immobility. Dowsondescribedwork done by others
to investigate the formation of blisters [29]. Earlier research revealed that only some areas of skin on
the body could form blisters, whereas other skin sites experienced abrasive damage to their thinner,
less cohesive stratum corneum, whichwould – presumably – include skin of the perineum or groin. Co-
maish investigated this further and discovered that the relationship between friction force and number
of cycles could be described mathematically [30]. Predictably, based on Comaish’s ϐindings, they were
inversely proportional for forearm skin.
Bronneberg et al. [31] studied the impact of sustained loading on a biological skin surrogate in vitro
to provide a better insight into the formation of pressure ulcers. They found that skin damage did occur
after prolonged application of a normal stress, particularly a high stress, and that a marker produced
by the tissue was a particularly good indicator of damage. Moreover, it is already accepted that shear
stress between the skin layers contributes to the formation of pressure ulcers. Although they are not
the same as IAD or other forms of perineal dermatitis, a link does exist between them, in that they
develop under very similar circumstances. In 2004, Gray reported on the causes and management of
perineal dermatitis with particular focus on IAD [15]. Mechanical damage due to friction could ensue
following smallmovements of a pad against and/or forceful cleansing of the skin. Intraepidermal shear
stresses and pressure would worsen the damage and both are associated with the manifestation of
superϐicial ulceration. Preceding studies have emphasised the relevance of friction in combinationwith
the hydration state of the skin to skin damage [32, 33] and such research has since continued.
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2.2.4 Skin Biomechanics
In 1991Marks [34]wrote a review of studies on themechanical properties of the skin. Some of this has
been summarised in this section and some more recent examples included. For the skin, more focus
has been placed on its biochemistry than its physical properties and behaviour. This is possibly due
to the complexity and impracticality of interpretation of data, as it is difϐicult to achieve meaningful
data consistently. It is a challenge to identify certain behaviours and accurately attribute them to a
particular feature of the skin because of the synergistic nature of its sub-structures.
As discussed previously in §2.2.1, the physical properties of skin vary considerably with age, gender
and region of the body. Viscoelasticity adds to this variation, in that it reduces the possibility of pro-
ducing a result without having allowed the skin to “recover”. Of course, environmental temperature
and humidity affects several structures within the skin (blood vessels, sweat glands, hair and the SC),
which, in turn, inϐluences its physical behaviour. The skin displays anisotropic behaviour when loads
are applied in any plane.
Over 20 years ago, it was apparent that there was a lack of consistency in testing and analysis of the
skin’s physical and mechanical properties. There was, however, one exception: standards of mechan-
ical testing for dermis in vivo set by a subcommittee of the International Society of Bioengineering &
the Skin and published in 1982 [34]. The dermis has commonly been tested in the same way as many
rubbers, despite its obviously very different structure. Experiments that produce stress-strain curves
have been used to assess its viscoelasticity. Stress-relaxation has also been examined.
Curves from such measurements are essentially split into a linear and nonlinear region. The linear
region is said to represent the elastic (Hookean) phase, within which applied load and extension are
directly proportional, and the skin can be returned to its original dimensions once the load has been
removed. In the nonlinear region that follows, the skin continues to extend, but plastic deformation
occurs here. For this, the load must be kept constant, and the extension that takes place is known as
“creep”, “viscous extension” or “viscous slip”. Further permanent deformation can occur, representing
a third phase. However, in a paper by Agache et al. (2000), it was explained that the middle phase
relates to viscoelasticity displayed by skin and represents variable creep, whereas in the last phase,
creep is constant.
The extent and type of deformation depends on the point at which the load is removed and the num-
ber of times the loading is repeated within a given time period. This is something that should be con-
sidered when carrying out repeated friction measurements on volar forearm skin (see chapters 4 and
5). Marks [34] comments that collagen from the dermis tested by itself appears to produce a similar
mechanical result to skin as a whole, suggesting that dermal collagen is the biggest contributor to the
biomechanical properties. He also suggests that the increased epidermal thickness on palms of hands
and soles of feet would change this.
2.2.4.1 In vivo tests on dermis
These tests are more useful and/or relevant than those in vitro / ex vivo but are typically problematic.
Natural tension loss in skin after excision from the body also causes thickening of the dermis. The
direction of the maximum resting skin tension in different areas of the body are indicated by Langer’s
lines, as shown in ϐigure 2.5, to which most dermal collagen and elastin ϐibres are parallel [35]. This is
particularly interesting when considering friction measurements because it is likely that the response
of the skin will be different depending on the orientation of applied shear load. However, for now the
focus will continue to be on non-shear methods; friction will be covered later in the chapter (§2.3.2).
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Figure 2.5: Diagram of Langer’s lines on an adult female [36]. Reprinted from British Journal of Plastic Surgery,
Vol. 31, Langer, On the anatomy and physiology of the skin: I. The cleavability of the cutis, pp. 3–8, Copyright
1978, with permission from Elsevier.
Marks [34] explained that the dimensions of the tested area of skin are important as they affect the
property data obtained. Thickness is tricky to estimate in vivo, but variation would be limited pro-
vided the same site is used on every participant, who should also be the same gender and similar age.
When working with skin in vivo, there is of course the added challenge of keeping the test site still for
the measurements. Body movements, even those that are apparently small, can greatly alter the data
recorded.
A range of calipers, as well as radiography and ultrasound have all been used to measure skin thick-
ness. Suchmeasurements are currently takenwith a view to assess the effect of a particular drug on the
skin, for example, whereas originally they were used for general studies on human health and lifestyle.
2.2.4.2 Instrumentation and methods
Marks [34] has reviewed several methods of assessing skin biomechanics and their instrumentation,
which have been categorised as follows: tensile, torsional, indentation, normal traction types andwave
propagation tests. Work done in three of these areas (tensile, indentation and traction) and related
comments fromMarks will be summarised before going on to discuss friction on skin.
Tensile testing is most commonly executed with “extensometers” and is described as uni- or bi-axial
depending on the skin sample dimensions. For in vitro testing, when the parts of the skin grippedby the
extensometer (tabs) arenarrower than the regionof interest (lengthbetweengrips), then it is uni-axial;
if they are wider than the length, bi-axial. As with any other human tissue tensile testing is notoriously
difϐicult to dowhen it comes to gripping the sample andmakingmeasurements on the inter-grip section
only. For this reason, skin around this site should be constrained for bi-axial tensile testing. In vivo
tensile testing of the skin requires different devices to those available for in vitromeasurements, such
as that in ϐigure 2.6.
Khatyr et al. [38] performed single-axis tensile tests on forearm skin in vivo. They designed and
built their own mechanical testing machine (the “extensionmeter”), which can apply “monotonous”
compressive and tensile loads. Khatyr and colleagues also claimed that it can be used to investigate
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Figure2.6: Exampleuniaxial extensometer for in vivomeasurements of tensionand compressiononhumanskin;
skin is adhered to pads and is displaced when mobile arms move; strain gauges measure force [37]. Reprinted
with permission from Review of Scientiϔic Instruments, Vol. 48, Thacker, J. G., Iachetta, F. A., Allaire, P. E., Edger-
ton, M. T., Rodeheaver, G. T., & Edlich, R. F. (1977) In vivo extensometer for measurement of the biomechanical
properties of human skin, pp. 181–185. Copyright 1977, AIP Publishing LLC.
creep and relaxation effects on skin of the forearm. The team produced a computational model of the
test to aid analysis of results obtained from the physical measurements. Jaws were attached to skin
and pulled in different directions, while displacement and tensile force were measured.
Khatyr and colleagues attempted to improve the viscoelastic model produced by Agache et al. in
2000. This improvement aimed to tackle the false assumption that skin’s creep behaviour is always
permanent (i.e. it does not recover from compression) and could therefore be modelled using a shock
absorber. Unfortunately, the results section is rather unclear. There does not appear to be any evidence
for the ϐindings stated by the authors, despite claims that their simplemodelworked and could be used
by dermatologists.
The use of extensometers facilitates data interpretation, more so than other instrumentation. How-
ever, the distribution of stresses and strains on the skin is non-uniform due to attachment sites on the
tensometer. Stresses are transmitted via the adhesive in the grips and the epidermis. Furthermore, the
applied stresses are susceptible to changes in the mechanical properties of the adhesive: some display
creep behaviour, which makes for a negative addition to the already-time-dependent nature of skin.
Indentation testing of skin typically involves the use of a small probe to compress the skin under a
known load or at a known displacement rate. The probe end is usually spherical [39, 40, 41] or ϐlat
(cylindrical) [42, 43], but can be virtually any other shape, such as conical [44]. Most indentation stud-
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ies have been carried out on the whole skin or dermis, but microindentometers (with probe diameters
<1mm) have been used to measure the indentation properties of the stratum corneum speciϐically, as
well as the whole skin [45, 46]. In past studies, load has been applied discretely using (dead) weights,
and continuously, and in other cases, displacement rate was set while forces were measured. Unfor-
tunately, such testing requires complex analysis by computational and mathematical modelling where
the skin is modelled as an elastic half-space. Nomore detail on this will be provided here as it becomes
more relevant to friction between skin and nonwovens later on in this chapter.
2.2.4.3 In vitro tests on dermis
Most of the skin used in these studies has been sourced from human cadavers and animals, with only
some excised during surgery on a living person. The aim of some of these studies has been to relate
certain physical features or components of the skin to its mechanical properties. Not all experimental
work has been carried out using the skin speciϐically, but often using other anatomical structures, such
as ligaments. The purpose of such a substitution would be to aid data interpretation for experiments
implementing real skin. Although tissue from cadavers and animals may be adequate for the study
of some mechanical properties given appropriate assumptions, there are, of course, beneϐits to using
freshly excised human skin. One example of this would be the fact that it has not been chemically
treated or frozen. Such modiϐications may impair its mechanical integrity, causing the skin to display
uncharacteristic behaviour. On the other hand, even the use of fresh excised skin has limitations. A
positive outcome of in vitro testing is the possibility of collecting large amounts of data from extensive
cyclic loading and loading to failure. Many of the studies performed on animals are not relevant to the
work described in this thesis, and for that reason, are not described in this section. While the primary
experiments of interest are thosemeasuring friction forces, it would also be useful to understand some
of the other mechanical properties of skin.
In 1983, Dunn and Silver [47] carried out a range of tensile tests on skin from the thorax and ab-
domen of cadavers along with other tissues (e.g. thoracic aorta and dura mater). Microbial growth
on the tissues was suppressed by treating all tissues with saline in a phosphate buffer. Each sample
was tested within seven days of excision from the donor bodies (at autopsy) and those not used im-
mediately were stored at 4oC. Dunn and Silver state that the length of storage period did not affect
mechanical properties of the tissue, at least not up to seven days. Y-shaped pieces of skin were taken
frommale cadavers and T-shaped pieces fromwomen, although the reason for this was not explained.
A gauge length of 20mm was set for each sample. The authors refer to “wet specimens” being tested
along the “Y” but do not explain what this means and how it relates to testing of the T-shaped pieces
from women.
Dunn and Silver claim to use a similar technique to Sanjeevi [48] to study stress relaxation. The
skin was extended by 10% at 10%.min-1 before being relaxed at a constant strain rate, until stress
reached equilibrium. This was repeated until the tissue began to fail. The authors examined the elastic
and viscous aspects of these viscoelastic materials separately, hoping to be able to attribute individual
features to mechanical behaviour. Their resulting stress-strain graphs for skin demonstrate that the
proportion of elastic contribution is always higher than that of viscosity after 45% strain. (See ϐigure
2.7 for an example stress-strain curve from an independent set ofmeasurements.) The idea to separate
thesemechanical components stems from the suggestion that each componentmay depend on speciϐic
structures within the skin.
It is important to note that the viscous contribution is lower in these tensile tests than those with a
higher strain rate because some tissue relaxation takes place during loading as well as in the intervals
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Figure 2.7: Example stress-strain curve from tension measurements on human skin; higher strain across the
calf than along it; the x-axis is stress ()10N m-2 and the y-axis is strain () [49]. Reprinted from Journal of
Biomechanics, Vol. 19, Manschot and Brakkee, The measurement and modelling of the mechanical properties of
human skin in vivo—II. The model, pp. 517–521, Copyright 1986, with permission from Elsevier.
between increasing load. At a higher rate, less relaxation occurs, therefore stress depends more on
the viscous component. However, the elastic contribution does not change with strain rate. Dunn and
Silver explain that collagen ϐibrils in skin, which are normally relatively random in orientation, can
align themselves parallel to the applied force. Using this knowledge, they infer from their results that
the realignment may require a substantial loss of viscous energy. It also appears that, provided tensile
forces are applied uniaxially, they may be applied to a sample of skin in any direction without being
affected by ϐibre orientation. As soon as the ϐibres are aligned, the skin begins to behave in a similar
way to a tendon under tension.
Silver et al. [50] aimed to investigate if the elastic spring constantwas identical for collagenmolecules
in both skin and tendon tissue. This was to be done through analysis of viscoelasticity of the skin
in vitro. They also endeavoured to compute the same for elastin but did not state why. The data on
skin was from the Dunn and Silver paper described above [47]. Various “decellularised collagenous
substances” were mechanically tested and analysed: incremental tensile stress relaxation test, same
parameters (strain rate, gauge length etc.) as the Dunn and Silver paper [47]. Themethod is rather un-
clearly presented, perhaps because the authors also describe other/previous work. The authors found
that the skin had lower compressive moduli and elastic spring constant than the tendon.
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2.2.4.4 The effect of age on mechanical properties of the skin
There are some obvious visible changes to skin that occur during the ageing process and it would
be useful to have an understanding of how these physical changes relate to the mechanical proper-
ties. This is of particular interest for the work presented in this thesis due to the range of ages of
incontinence-product users and the greater prevalence (growing population) of elderly incontinent
people. Unfortunately, the range of anatomical features and mechanisms involved complicates the ex-
perimental assessment and quantitative analysis of data collected. Analysis is further complicated by
the uniqueness of each person’s skin, both genetically and environmentally. An example of the latter
would be apparent premature ageing due to excessive exposure of the skin to ultraviolet light: such a
personmay havewrinkles earlier than expected due to a depletion of collagen in the skin, although the
associated atrophy would not occur until old age [51].
In general, the epidermisbecomes thinnerwith age and the transition regionbetween thedermis and
epidermis compresses. This makes older skinmore susceptible to blistering by epidermal detachment
[52]. Although the epidermis thins inbulk, the stratumcorneum itself generally doesnot lose thickness,
but it is regenerated at just over half the rate in the elderly. The implication of this is that tissue repair
takes longer than it does for young people and this is accompanied by reduced barrier function of the
stratum corneum. Much as the slowed production of collagen ϐibres increases the compliance of the
skin, it is widely accepted that a loss of elasticity occurs with ageing due to a gradual loss of elastic
ϐibres [53]. More recently, dermal ϐibroblasts were also shown to increase in stiffness with age [54].
This age-related change in elastic modulus was also found by several others [55, 56].
2.3 Biotribology: Friction
Tribology – a term ϐirst published in a report by H. P. Jost in 1966 – stems from “tribos”, a Greek word
that means “rubbing”, and is technically deϐined as “the science of rubbing”, or perhaps more appro-
priately now, the study of friction, wear and lubrication [57, 58, 59]. Biotribology simply speciϐies that
such interaction is between a biological substrate and another material. It is the primary focus of work
that will be described in this thesis – particularly friction – and has been the basis for many research
studies on the use of products andmedical devices that come into direct contact with the human body.
In this section, the principles of friction and some friction mechanisms will be discussed, followed by
published work on measurements of friction between human skin and various materials. Before ex-
ploring the theory and commencing a review of the relevant literature, it is ϐirst necessary to deϐine
the key basic laws and two important terms used throughout this thesis that are fundamental to the
understanding of frictional interaction in general.
Amontons’ laws of friction state that friction force (F) is directly proportional to the applied normal
force (L) (F = :L); and that the coefϐicient of friction () is independent of nominal contact area.
Static friction (force) is the shear force required to initiate relative movement between surfaces in
contact, where the initial velocity of displacement is equal to zero.
Kinetic or dynamic friction (force) is the force required to maintain relative movement between the
contacting surfaces. Normally, static friction force is greater than kinetic friction force.
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2.3.1 Friction mechanisms and lubrication
AlthoughAmontons’ law is ideal for simple cases of friction between twohard solid objects, it is not suf-
ϐicientwhere there is, for example, adhesion (see §2.3.1.1) between surfaces because a range of friction
forces can arise at a certain applied load rather than one ϐinite force. Thismeans that, if relativemotion
between contacting bodies depends on an additional force to that of friction, it is most likely because
there is another mechanism involved. Such a mechanism would be detectable on a smaller scale than
the dominating friction component, but would still contribute to the measured force. For example, a
critical shear force must be reached before two surfaces can become un-“pinned” from their adhesive
contact state [60]. Experimental data suggests that there is little difference between geometry at the
contact site during static friction and that during kinetic friction, whether smooth or rough (“stick-slip”
– see section 2.3.3). When two objects come into contact, deformation of one or both occurs as a conse-
quence of externally applied normal loads and/or interfacial attractive forces. The following sections
describe some of the mechanisms associated with friction; the ϐirst two are particularly relevant to
friction between skin and various materials.
Lubrication of two interacting surfaces in friction can occur either in the presence or absence of a
liquid. In the case of friction between human skin and other materials, the state of a lubricant is most
likely to be liquid, so deϐinitions of different types of lubrication given here will focus on that. Many
forms of lubrication exist; the occurrence of each depends on a combination of factors. Themain types
are described below and compared on a Stribeck curve in ϐigure 2.8.
Boundary lubrication: The lubricant is ofmolecular thickness on the surfaces of the interacting bodies
[61]. When sliding is smooth, Amontons’ law is obeyed (friction force / applied load); this is true
for steel with various lubricating liquids [62]. Intermittent sliding results in a similar, but non-linear
relationship and very low loads induce an increase in coefϐicient of friction as they decrease, even if the
solid surfaces are not in contact. It is possible that two interactions are measured – each solid surface
with the lubricant. A change in low sliding speeds has a negligible effect onmean coefϐicient of friction,
whereas static and dynamic coefϐicients decrease slightly with increasing speed.
Fluid ϔilm lubrication: Interacting surfaces are completely separated by the lubricant. It is usually in
the form of hydrodynamic (rotation or non-parallel sliding of one surface against another draws liq-
uid/lubricant into a converging gap between them and keeps them apart; can be affected by elastic
deformation of interacting bodies and thermal energy in the system) or hydrostatic (applying an ex-
ternal pressure to a lubricant between interacting surfaces) lubrication [61].
Mixed lubrication: A combination of both ϐluid ϐilm and boundary lubrication. It can be associated
with intermittent motion.
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Figure 2.8: Stribeck curve (based on [61] and [63]); R = surface roughness
2.3.1.1 Adhesion
Hertz developed a model for compression between two elastic sphereswithout the presence of attrac-
tive forces. Here, when F = 0, d = 0 andA = 0, where F is external force, d is displacement (of one
sphere relative to the others) and A is contact area [64]. With the inclusion of attractive forces, the
Johnson-Kendall-Roberts and Derjaguin-Muller-Toprov theories were devised due to the more com-
plex deformations that could not be described using Hertz’s system. Berman and Israelachvili [64]
explained that the former (JKR) is used for large bodies with a large surface energy, whereas the latter
(DMT) is suited to small bodies with a high modulus and small surface energy.
The JKR theory ismoreapplicable to skin-nonwoven fabric contact due to thepotentially large amount
of deformation of bothmaterials on amacroscale. For this reason, the theory is discussed here inmore
detail. Although the skin and nonwoven fabrics are not spherical objects the example given is of two
spheres in contact as a result of attractive forces at the interface, but no externally applied forces. When
the increasing real contact area, under normal load, F, reaches a “mechanical equilibrium”, the radius
of this area, r, can be expressed as:
r3 =
R
K

F+ 6:R+
q
12:R:F+ (6:R)2

; (2.1)
where
R =
R1:R2
R1 + R2
;
[R1 and R2 are the radii of the spheres], K is bulk elastic modulus and  is surface energy.
Assuming = 0, the equation becomes the same as that given by Hertz’s model. The adhesion force,
Fs, also stems from the JKR theory; this is the force required to separate the adhered surfaces and can
be calculated as shown below:
Fs = -3:Rs; (2.2)
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where s is the surface energy [s =W=2where W is reversible work of adhesion].
When considering the above equations (2.1 and 2.2) [64], it can be seen that, theoretically, adhesion
force (Fs) is independent of bulk elastic modulus (K) despite the effects of K on real contact area. This
theory has indeed been validated in experimental work by Johnson et al. who measured contact di-
ameters of optically smooth spheres – made from rubber and gelatine – under a range of normal loads
and related the contact to surface energy [65].
Where there is adhesion between two surfaces, friction force and load are not directly proportional.
With rough surfaces, the attractive forces must counteract the repulsion from high asperities on each
surface that are compressed against each other, in order to have an increase in contact area (see ϐigure
2.9). For this reason, adhesion is typically higher between easily-deformed viscoelastic surfaces, such
as human skin perhaps, and the relationship between friction force and contact area is nonlinear here.
However, the area-load relationship is linear and Amontons’ law does hold for Hertzian contact be-
tween rough surfaces. The linearity is lost when two smooth surfaces are in Hertzian contact (see
ϐigure 2.10). Contact between smooth surfaces with adhesion is not directly proportional to externally
applied normal forces, and is potentially smaller than that between easily deformable rough surfaces.
In fact, it is the forces due to the adhesive effect that are proportional to contact area. This gives rise
to the following equation describing smooth, adhesive friction, with no hydration or lubrication at the
interface.
F = Fk = ScA+ :L; (2.3)
where Fk is the friction force, Sc is a constant – critical shear stress (as described earlier on in this
section), A is the contact area,  is coefϐicient of friction and L is applied normal force.
Of course, when L Sc, the equation can be written [64]:
F = :L; (2.4)
(Amontons’ law) and when applied load is small, it can be expressed
F = ScA = Sc:r
2: (2.5)
Figure2.9: DiagramofHertzian contact (left) and adhesive contact (right) between rough surfaces; note that the
inclines of the asperities are much shallower in reality than this diagram suggests – they have been exaggerated
for demonstration purposes only
Literature Review 22
Figure 2.10: Diagram of smooth contact (left) and rough contact between soft surfaces (right); note that the
inclines of the asperities are much shallower in reality than this diagram suggests – they have been exaggerated
for demonstration purposes only
Substituting r from equation 2.1,
F = Sc

R
K

L+ 6:R+
q
12:R:L+ (6:R)2
2=3
: (2.6)
The ϐirst equation (2.4) indicates a load-dominated contribution, and the second (2.5) suggests ad-
hesion domination.
In general, lubrication of two interacting bodies (in shear) is more effectively achieved with liquids
than with solids. Nevertheless, this depends very much on the ability of the ϐluid to remain between
the surfaces with increasing externally applied pressure. If the liquid lubricant is forced out of the
interfacial space, it cannot carry out its function; this in turn depends on the relative shapes of the
surfaces and the possible routes for ϐluid to escape from the system.
When considering incontinence pads, the nonwoven-skin contact in the diaper area provides several
routes for the passage of liquids:
• into the pad (absorbed by superabsorbent polymers and wood ϐluff pulp);
• into the skin (transepidermal uptake);
• through the interface gaps (leakage when pad absorption of urine is too slow or has reached
capacity).
However, due to the ϐlexibility and relatively low compressivemoduli of the surfaces on amacroscale,
it seems unlikely that urine (or any other ϐluid) would provide effective lubrication at this interface.
2.3.1.2 Plastic deformation
Bowden and Tabor reportedly created amodel for friction by plastic deformation, resulting in an equa-
tion for coefϐicient of static friction as follows [66]:
s = y=h;
where y is yield strength and h is hardness (stress) of the softer of two materials in shear contact.
In this case, it is understood that friction between two solid bodies, in the absence of a lubricant,
is characterised by plastic deformation of asperities on a microscale. It is also accepted that the real
area of contact between such surfaces, Areal, is considerably smaller than the apparent contact area
(i.e. most contact occurs between rough peaks). Therefore,
L = hAreal;
where L is net load, and
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Fs = yAreal;
where Fs is net shear force.
Bowden and Tabor have indeedmade it clear that theirmodel is intended formetal-on-metal contact
rather than any other materials.
However, two strong arguments that suggest that plastic deformation ought not to be considered a
dominantmechanism of friction are:
1. Both the interacting solid surface and the lubricant (when present) contribute to the friction, in
terms of their mechanical properties.
2. Theoretically, not all points of contact on a microscale should undergo plastic deformation, but
in fact, a tiny proportion only.
All of the above describes contact between clean, dry, solid surfaces in the absence of any kind of
lubricant. Some lubricants are deliberately introduced into contact systems, some are contaminants;
either way, they can have a huge impact on the mechanisms by which the main contacting surfaces
interact. Provided the lubricating or contaminating molecules adhered to the surfaces remain in the
interfacial space, they can diminish plastic deformation of asperities on the surfaces and the subse-
quent wear.
Alternatively, one or two layers of these absorbed molecules can form if the lubricant molecules
become trapped at the interface under high pressures experienced between asperities (microscale),
resulting in solidiϐication of the molecules. A typical consequence of this is boundary lubrication.
Molecules of lubricant or contaminant are often some distance apart, meaning that most of their in-
teractions are with the opposing surfaces of the main bodies. This means that when a shear force is
applied, the surfaces are “locked” into position, until the force is high enough to overcome the energy
barrier. There are, of course, more mechanisms that result in the dissipation of surface energy to sur-
mount static friction but none of these appear to be relevant to nonwoven-skin interaction.
Whilst the above example refers to two solid interacting bodies, usually hard, it does bear some rel-
evance, due to the natural ability of skin and nonwoven fabrics to easily collect dust and other contam-
inants. Cottenden showed that plastic deformation as a friction mechanism played a role with nonwo-
ven fabrics [4], while others have demonstrated that it is irrelevant to skin [67, 68]. So far, mechanisms
for friction between two solid surfaces have been described, but the principles that apply here, do not
apply to friction between a solid and a ϐluid. The static friction force that would normally be higher
than the kinetic friction force does not exist in the latter situation.
2.3.1.3 Other mechanisms
Many friction mechanisms exist, other than interfacial adhesion and plastic deformation, but they de-
pend on the physical and mechanical properties of the interacting bodies. The two examples given
belowwere considered, by Cottenden [4], as potential mechanisms for skin-nonwoven friction, as well
as the two described in §2.3.1.1 and §2.3.1.2. However, following some experimental work, Cottenden
disregarded viscoelastic deformation and pinning as mechanisms for this frictional interaction.
Viscoelastic deformation: This is very similar to plastic deformation, except that the effect of this
mechanism is temporary as the deformation is reversible when loading is removed. It is different to
elastic deformation in that it is affected by sliding velocity and there is some energy dissipation.
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Pinning: This is effectively localised stick-slip (see §2.3.3) as ϐibres pinned to a point are suddenly
released before pinning themselves again to another region. It means that there is weak viscoelastic
deformation and that slip at individual points of contact occurs at a much greater speed than themean
sliding speed, resulting in a large dissipation of energy and, therefore, a higher friction force.
2.3.2 Friction with skin
A large amount of work pertaining to friction between skin and various materials has been carried out
with a range of devices to which thematerial of interest is attached. The threemain types of device are
torque devices (usually disks), probes (sometimes also rotating) and force plates: disks and probes
often apply a normal force to the skin site under investigation and measure the friction force; force
plates remain in a ϐixedposition andmeasure the normal load and friction force as the skin slides across
it. Most research has focused on friction with hard (non-textile) substrates, relevant to the tribology
of the skin with hard surfaces, whether consumer products or medical equipment. As only relatively
few papers have been published on work directly related to that presented in this thesis, the broader
range of investigations using hard substrates will be covered before converging on the most pertinent
ones. The most recent studies conducted are described ϐirst. Others have been summarised in table
2.2 (placed towards the end of this section on pages 31-37).
Derler and Rotaru [69] investigated the stick-slip phenomenon in relation to friction between the
skin of the index ϐinger pad and smooth glass. Both the skin and glass were wet and all measurements
were carried out on one participant only. Prior to friction measurements, the participant acclimatised
for 10 min at  23oC and 50% relative humidity. The skin and glass were both cleaned with ethanol
and deionised water; the skin was soaked in and the glass covered by a ϐilm of deionised water. Over
the course of 30 seconds, 5-15 individual friction runs were performed by the participant, sliding his
ϐinger across the glass, which was ϐixed to a tri-axial force plate that measured and calculated normal
force and friction force (see ϐigure 2.11). Displacement was always 40mm but applied load and speed
were entirely dependent upon the volunteer.
The authors found that the coefϐicient of friction (CoF) for stick-slip was generally lower (by roughly
1
3 ) than it was for normal friction, without stick-slip, as well as for “initial phase” friction. Low CoF in
the absence of stick-slip (or during “stationary sliding”) was attributed to lubrication at the interface
Figure 2.11: Diagram of ϐinger sliding across a tri-axial force plate [69]. Reprinted fromWear, Vol. 301, Derler
and Rotaru, Stick–slip phenomena in the friction of human skin, pp. 324–329, Copyright 2013, with permission
from Elsevier.
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andmixed lubricationwas the suggested regime. They reported a relationship between sliding velocity
and amplitude of the stick-slip peaks and troughs (slower = smaller amplitude). It is assumed that all
stationary and stick-slip CoFwere for dynamic friction as theywere calculated from a range of data but
it is not clear how or why these calculations were done. Coefϐicient of friction values were comparable
to those from another study, conducted by the ϐirst author and colleagues, at lower sliding speeds and
on more participants [70]. The lack of a clear correlation between CoF of the initial sliding phase and
sliding velocity was regarded by Derler and Rotaru as support for their assumption that this CoF is
related to coefϐicient of static friction. The friction model for the adhesion mechanism was found to
apply to the data in this study.
Veijgen et al. [71] carried out a pilot study to test their new friction-measuring device: a small trans-
portable handheld device that applies a normal force via a system using springs, to a rotating cylinder
that is in contact with the skin (as in ϐigure 2.12). The outer material of the cylinder can be changed
and the device can operate at four different speeds. The real normal force was measured along with
friction force using piezoresistive force sensors (presumably built into the device). The pilot studywas
carried out on the left ventral forearm of one young female volunteer because it is a commonly used
testing site for friction on human skin and the data could be compared with those from other stud-
ies. Different combinations of speeds and loads were used with the stainless steel cylinder, of which
surface roughness was measured, and isopropanol was used to clean it >10 min prior to experiments.
The authors found that their data for CoF were comparable with those from similar studies, as was the
relationship between CoF and applied normal load – CoF decreased with increasing normal force.
In 2013, Veijgen et al. [72] compared friction between skin and various materials at different hydra-
tion levels and temperatures. Four skin siteswere tested (two on the forearmand two on the hand) and
four materials (PE, PTFE, stainless steel and aluminium), attached to a rotational device described in
the paper on their preliminary work [71], were cleaned with isopropanol, just as explained in the pilot
study. A total of 31 relatively young participants (both genders) were not asked to do anything to their
skin prior to testing, nor were they required to leave their skin unmoisturised – the authors hoped that
the knowledge alone (of whether and how the skin had been treated up to 1hr before measurements
began) would sufϐice as long as it was noted, but no further reference was made to this. The applied
load range was 0.5-2N and sliding velocity was 1-10mm  s-1 for a 20-second measurement period.
The skin was not overhydrated by occlusion or the application of a ϐluid, rather the hydration and
temperature were monitored for each participant, using a Corneometer and thermometer. The envi-
ronment was not controlled either and the authors found that the relative humidity and temperature
had a notable effect on the index ϐinger pad and ventral (or volar) forearm respectively, which demon-
strates why it is important to control the climate when possible. The relationship between coefϐicients
This image has been removed by the author for copyright reasons.
Figure 2.12: Diagram of cylinder rotating on skin from device that measures friction (from Veijgen et al. [72])
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of static and dynamic frictionwas highly linear, but both varied greatly between the anatomical regions
tested. There was a marked difference in skin hydration at each site betweenmen and women – it was
higher for women on both sides (ventral and dorsal) of the forearm – but there was only very little dif-
ference in CoF of the forearm sites between the genders. The biggest range of values was observed for
ventral forearm skin. The CoF was lowest at the dorsal locations (forearm and hand) and the authors
suggested that hair was acting as a lubricant when present in abundance.
Of the materials investigated, PTFE had the lowest coefϐicient of friction and stainless steel had the
highest. Sliding velocity had no impact on the coefϐicient, which contradicts ϐindings by Derler and
Rotaru [69] for measurements on wet skin, but CoF did increase as applied load decreased. Without
overhydrating the skin Veijgen et al. still concluded that skin hydration impacts coefϐicient of friction,
as reported by others, but their data showed only a weak correlation between the two. Similarly, they
showed a weak relationship between hydration and temperature of the skin. Reference to adhesion as
a mechanism was made without suggesting whether or not it varied among participants in this study
due to their different skin hydration levels.
In 2012, Derler and Gerhardt [73] conducted a comprehensive review of the literature on the tri-
bology of human skin, with a speciϐic focus on data from friction measurements. They explained that
there are various reasons formeasuring frictionbetween skin andothermaterials – such as surfaces for
devices used by consumers andmedical applications – hence the range ofmethodology and instrumen-
tation. Most of the studies mentioned in the review investigated non-textile materials and most used
force plates or rotational or torque devices/probes. Some researchers endeavoured to use mechanical
skin surrogates due to the repeatability of the methods and data and their ease of use (compared to
studies on skin in vivo) as will be discussed in §2.5.
The hydration of the skin and its effects on friction have also been investigated and is now consid-
ered an important factor when assessing the interaction between the skin and other surfaces. This
includes natural moisture from sweat and sebum, as well as applied moisture in the form of lotion or
solvent. The effects of age, gender, ethnicity, natural skin temperature and hydration, and skin rough-
ness, amongother factors, were also explored. Older studies had amore general approach tomeasuring
friction before much was understood about it and the mechanisms facilitating it. The following work
was carried out prior to the review by Derler and Gerhardt; most has been summarised in table 2.2 for
convenience.
Tomlinson et al. [74] measured friction between the overhydrated index ϐingers of three or ϐive fe-
male participants in their study and a wet surface – it was not clear exactly howmany volunteers took
part – on a specially designed rig. The rig – described in a previous paper on rugby ball materials and
friction with skin [75] – simultaneously recorded normal load and friction force as the participants
pulled their ϐinger across the test material surface. There were various test setups for this study, each
to investigate a different variable: a range of contact surfaces (PP, HDPE, PVC, steel, aluminium and
brass) when the skin was “moist” and applied load was not controlled in any way; restricted force ap-
plication when pulling a “moist” ϐinger across PVC; wetting the surface of the PVC but not the skin;
a range of hydration levels (soaking times) for the skin with dry PVC; maximally overhydrated ϐinger
with wet PVC.
After washing ϐingers to eliminate impurities, a paper towel sprayed or soaked in tap water was
used to overhydrate the skin and a dry towel was used to blot the surface dry. The reason given for
using tapwater related to the composition of sweat that leaves the palms, but the source of this water
would affect its composition (in terms of solute content) and no comment was made about that. The
test material was made wet with a humidiϐier to distribute the droplets uniformly. Skin moisture level
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wasmeasuredwith a device calledMoistsense that converts capacitance readings to an arbitrary value
representative of skin hydration.
The friction force was found to increase with skin wetness but peaked before maximum skin hy-
dration for all contacting materials. The lower forces at this stage were considered to be a result of
lubrication due to the presence of surface water. André et al. [76] and Nonomura et al. [77] also ob-
served such a relationship, but other researchers did not [78, 79, 80]. Results comparing materials led
to a suggestion that hydrophilicity may have been responsible for the differences in CoF observed. It
was speculated that hydrophilic surfaces have a greater ability to form a stable ϐluid ϐilm, thereby in-
creasing lubrication. However, there is no robust evidence to support this theory. When considering
mechanisms operating during wet friction, the authors concluded that water absorption dominated
and capillary adhesion may have contributed, although they accept that the analysis on which these
ϐindings were based was rather rudimentary.
Zhu et al. [81] investigated the effects of age, gender, skin site and skin hydration on coefϐicient of
friction. In this study, 633 subjects were recruited (333 female, 300 male) for measurements on their
dorsal hand, canthus and forehead. Frictionwasmeasuredwith a Frictiometer – and example of which
can be seen in ϐigure 2.13 – and skin hydration with a Corneometer after participants had acclimatised
in an environmentally controlled room. The units of both CoF and skin hydrationwere arbitrary, which
made little sense considering that CoF is usually reported as the actual value, so the values in this paper
would only be comparable to others collected from the same instrument. The Frictiometer had a ϐlat-
headed, rotating Teϐlon probe attached. The rotation speed and normal load were stated (255rpm
and 0.7N) but not the length of measurements, whether static or dynamic friction was of interest, or
whether the skin was overhydrated in some way.
In females, the coefϐicient of friction of the dorsal hand and canthus peaked by 40 years and gradually
decreased thereafter. For the forehead, it continued to increase with age. The authors stated that the
CoF of the dorsal hand ceased to increase by the age of 40 for males and did not change thereafter.
The graph presented appeared to demonstrate otherwise, but it is assumed that Zhu et al. drew this
conclusion based on statistical analysis not presented in any detail in this paper. In fact, many other
(a) Frictiometer without testing material at-
tached
(b) Frictiometer testing material attached
Figure 2.13: Example Frictiometer (reprinted with permission from Courage + Khazaka electronic GmbH) [82]
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comments made in reference to the graphs appeared to contradict the authors’ analysis, such as the
only difference between skin sites observed formaleswas for 51-60 year-olds. For themost part, there
was either no difference in CoF for males and females (forehead), or females had higher coefϐicients of
friction (canthus and dorsal hand). However, this was not sowhen compared to young boys or very old
men, who had high CoF on the canthus and dorsal hand.
Skin hydration was shown to increase in women until middle age before falling until old age. Inter-
estingly, this age dependence of skin hydration was not observed for men. The authors reported that
a positive correlation could be seen between coefϐicient of friction and skin hydration depending on
skin site and participant gender. Although, it is not clear how this outcome was determined without
explanation of how these values were related methodologically. The Corneometer readings suggest
that the skin was not overhydrated with a solvent or occluded and, considering that the readings were
arbitrary, it seems rather presumptuous to accept their relationship with friction at face value.
Many other papers contradict the ϐindings by Zhu et al. that age and gender have an impact on coef-
ϐicient of friction [83, 84]. The authors suggest several possible reasons for this:
• the considerably smaller sample size (usually <50 participants compared to 633) does not give
a fair representation;
• the range of ethnicities tested (all, rather than one – in this case Chinese) introduced another
variable, which has been shown by some [85, 86] to affect skin hydration measurements and
therefore possibly CoF;
• the different skin locations tested would be expected to make a difference and the canthus, fore-
head and dorsal hand are not common test sites.
No attempt wasmade by Zhu et al. to suggest the frictionmechanism(s) operating during their mea-
surements.
Man et al. [83] measured the hydration of the stratum corneum, pH of the skin surface and the
content of sebum in the volar forearms and foreheads of 713 Chinese volunteers (aged 0-94 years).
Contrary to Zhu et al., they found that pH of the forehead was lower for those under the age of 70, but
stratum corneum hydration (measured with a Corneometer) was higher. Adolescent boys and young
men had considerably higher levels than their female counterparts. Skin hydration results were essen-
tially the same for the volar forearm. Marrakchi and Maibach [84] investigated the stratum corneum
hydration and transepidermal water loss (TEWL) – among other factors – of nine different sites on the
forearm, face and neck of 20 volunteers (10 young, 10 old). Stratum corneum hydrationwasmeasured
with a Corneometer andTEWLwith an evaporimeter. TEWLwas lower for the forearms (and twoother
locations) of the older participants but the difference was not statistically signiϐicant. Conversely, the
skin hydration was signiϐicantly lower in the young participants.
Diridollou et al. [85] compared the skinwater content of the forearms of four different ethnic groups
using SkinChip (a capacitance imaging device). The participants were 311 women (aged 18-87 years)
of African-American, Mexican, Chinese and Caucasian origin and results were displayed as dryness in-
dices, rather than skin water content values. For ventral (volar) forearmmeasurements, no signiϐicant
difference was observed in younger participants (<51 years), but older African-American women did
have signiϐicantly drier skin than their Mexican and Chinese counterparts. Caucasian subjects pro-
duced a skin dryness index in between those of the other groups. Kompaore and Tsuruta [86] found
that the permeability of untreated skin to methyl nicotinate was highest in Asians, followed by Cau-
casians and was lowest in black people. After tape stripping the stratum corneum, black participants
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This image has been removed by the author for copyright reasons.
Figure 2.14: Rotating ring device (adapted from [78])
still had the lowest permeability but white and Asian subjects’ skin was more similar. It could be as-
sumed that this also relates to the permeability of skin to water and its baseline TEWL.
In 2010, Hendriks and Franklin [78] investigated the effects of contact surface material roughness
and environmental conditions on human skin friction with a rotating ring-type technology (see ϐigure
2.14). Twelve volunteers took part – two for the roughness measurements and 10 for skin hydration –
all aged20-24years old. Theanatomical testing siteswereon the cheekand three regionson theventral
forearm. No moisturisers or creams were to be applied on the day. Measurements were carried out
using probes of different materials and surface roughness, under 2N and with a circumferential speed
of 100mm  s-1. Preliminary experiments revealed that frictional torque could continue to increase
over a 60-second period, but measurements were limited to 30s for the comfort of the participants. It
was suggested that continuous measurement for one minute led to superϐicial stratum corneum cells
being removed, resulting in a different surface roughness, reduced barrier function or the creation of
a transfer layer on the probe. Skin hydration was, indeed, measured (using a Corneometer) before and
after friction measurements, and an increase was observed.
The impact of surface roughness on coefϐicient of friction was signiϐicantly large for all materials in
both humid and dry conditions; CoF decreasedwith increasing Ra for the range tested ( 0:1-10μm).
In a humid climate, coefϐicient of friction was found to be approximately twice that in dry conditions,
but also more variable. Correlation between skin hydration and CoF was rather weak, although a rela-
tionship was visible, particularly on the forearm. On the other hand, it could be argued that the com-
parison with cheek skin was unfair: 11/12 participants were men, thereby introducing the possibility
of facial hair interferingwith frictionmeasurements. The PTFEprobe also had a signiϐicantly lower CoF
than aluminium, regardless of surface roughness, but this was only the case when comparing climate
conditions. Due to the different sample sizes of each experiment, it is difϐicult to tell if this observation
was indeed true.
The authors concluded that the stratum corneum softened and swelled, a thin layer of adhesive ϐluid
formed on the skin, and adhesive forces increased when the humidity was higher, all of which led to an
increase in coefϐicient of friction. Not enough was known about how exactly each of those mechanisms
inϐluenced friction forces for the authors to speculate further. Nonetheless, they do claim that between
the concepts of adhesion friction and shear stresses at interfaces with organic ϐilms and rough surface
contact mechanics, a basic mathematical model could be created to elucidate the behaviour of skin in
friction.
Elkhyat and Humbert [87] carried out a study on the effect of hydrophilicity on coefϐicient of friction
and wettability and found that more hydrophobic surfaces typically had a lower CoF. They used glass,
Teϐlon and steel against the volar forearm (number of participants not reported). This contradicts the
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ϐindings of Tomlinson et al. [74].
Derler et al. [88] measured friction between plantar skin (on the sole of the foot) of 14 volunteers
– aged 8-63 years – and a selection of substrates with various surface roughness values. The test ma-
terials were ϐixed to a tri-axial force plate in the ϐloor with a steel tank, so that the deionised water
used to ϐlood it (1-2mm thick) could be contained. Participants slid one foot 400-500mm across each
substrate at a mean velocity of almost 0:5mm  s-1, six to seven times, applying roughly the same nor-
mal load each time. The skin was not soaked or occluded before measurements and the foot was dried
with a towel and air-dried between substrates, although the skin hydration was not monitored. The
environment appeared to be partially controlled (approx. 23oC and 30-60% RH).
Mean coefϐicients of dynamic friction were reported to be in the range 0.117-0.590. The effects of
applied load and sliding directionwere also investigated later. Derler et al. found that applied load and
particularly surface roughness did affect dynamic CoF, although therewas inevitable variation between
participants. As surface roughness of the hard ϐloor coverings increased, so did the contributions of de-
formation and adhesion mechanisms. The authors speculated that the former may have arisen from
abrasion, ploughing and hysteresis, but there was insufϐicient evidence to support this. Adhesion was
thought to have increased on rough surfaces due to greater real contact area from local contacts be-
tween asperities.
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A study carried out by Wong [3, 103], to measure friction between three nonwoven fabrics and the
volar forearm skin of ϐive young female volunteers, used a mathematical model developed by Cotten-
den (as described in §2.5) to compare two different experimental conϐigurations, both of which are
displayed in ϐigure 2.15. Measurements weremade on overhydrated (wet) and normal (dry) skin in an
environmentally controlled room (23:0  2oC; 50:0  5% relative humidity) to reduce the possibil-
ity of variations in the data caused by environmental changes. Results showed that the coefϐicients of
static friction varied between participants and a little between nonwoven fabrics. There was amarked
difference between coefϐicients for wet and dry skin – up to 5 times larger for wet skin – but there
was a strong positive correlation between values for the different conϐigurations. One participant did
seem to be the source ofmost disagreement between the straight and curved conϐigurations and it was
suggested that her considerably hairier arm (compared to other participants) lubricated the skin in
the curved conϐiguration. The coefϐicient of friction was found to be independent of pressure for the
range used (0.36-2.23kPa); this was supported by Kondo [104] and Egawa et al. [94], but contradicted
ϐindings by Comaish and Bottoms [105] or Zhang and Mak [97].
One of the main ϐindings from work on skin friction so far is that coefϐicient of friction does not
change with applied normal force when the skin is dry, but it does when the skin is wet, although there
are a fewpapers that report contradictory results. It is also generally agreed that sliding speed has only
a negligible effect on coefϐicient of friction, and that age, gender and ethnicity have no impact. Inter-
estingly, transepidermal water loss (TEWL) has been shown to vary between people of different ages,
genders and ethnicities, and the former two are often linked in their inϐluence on friction. TEWL also
changes depending on the skin site (region on the body), as does coefϐicient of friction. Friction force is
always higher when the skin is wet ormoist thanwhen dry, and it has been suggested that the increase
is a consequence of greater adhesive forces due to smooth contact between skin and the contacting
material when the stratum corneum swells with water. However, for the most part, friction force (or
coefϐicient) has not been investigated as a function of skin wetness or hydration. The few studies that
have covered friction on skin at a range of hydration levels have also noted that the presence of oil and
an abundance of water on the skin surface can lower the coefϐicient of friction, possibly resulting in
(a) Flat conϐiguration (b) Curved conϐiguration
Figure 2.15: Different experimental conϐigurations used by Wong for friction measurements; normal force ap-
plied directly to arm through nonwoven in (a), but hangs on end of nonwoven strip in (b). (Image from [3].)
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hydrodynamic, ϐluid ϐilm ormixed lubrication; the regime is still unclear. Most consider adhesion to be
the principal mechanism for skin friction, but deformation is also mentioned regularly as a potential
second mechanism.
2.3.3 Stick-slip
The stick-slip phenomenon is intermittent sliding of one surface against another, continuously alter-
nating between static and dynamic friction. Visually, this is a “jerking” motion between two objects in
shear contact. Stachowiak and Batchelor stated that there is a large difference between the actual (in-
stantaneous) sliding velocity – that during “slip” – and the average speed [58]. On a force-displacement
graph, stick-slip is represented by a sawtooth curvewithmultiple peaks and troughs; the force increase
to the peaks shows themany instances of static friction (stick) and the sharp decrease in force that fol-
lows owes to the brief periods of dynamic friction (slip). Many researchers have shown interest in the
phenomenon due to its various implications on daily life, such as earthquakes or undesirable noises
produced by vehicle brakes and machinery [106, 107]. Several mathematical models have been tested
for different systems, but it should not be assumed that amodel created for onewould apply to another
as this is often not the case [106].
While stick-slip behaviour has also been observed during measurements of friction between human
skin and various othermaterials [92, 108, 109, 110], little has been done to investigate its origins or the
primary cause when skin is the substrate. In fact, the only known paper to speciϐically tackle the phe-
nomenon with skin is that by Derler and Rotaru [69]. According to the authors of this paper, it mostly
occurs between skin and smooth surfaces in the presence of liquid, so they carried out an investiga-
tion on stick-slip between skin (of the index ϐinger) and smooth glass. Their ϐindings were described
in §2.3.2, but the main conclusion – in direct relation to stick-slip behaviour – was that increasing the
normal force and sliding speed led to a systematic decrease in coefϐicient of friction for intermittent
(stick-slip) sliding.
2.4 Nonwoven Fabrics
There is no universal deϐinition of a nonwoven fabric that ϐits every situation, possibly due to its broad
use in several industries [111]. The term originated from the use of cheaper alternatives to conven-
tional fabrics, whichwere bonded thermally, chemically ormechanically rather thanwoven. According
to the European Disposables and Nonwovens Association (EDANA) and the Association for the Non-
woven Fabrics Industry (INDA) [112],
“A nonwoven is a sheet of ϔibres, continuous ϔilaments, or chopped yarns of any nature or
origin, that have been formed into a web by any means, and bonded together by any means,
with the exception of weaving or knitting.”
There are more complex restrictions for wetlaid webs regarding material composition and ϐibre di-
mensions, but the above statement seems to capture the essential deϐinition. Several applications in-
cludewrapping cables, protective andnormal clothing, car interiors, household products, and there are
many more. More than one third of nonwovens are produced for hygiene products. In terms of conti-
nence products, they can be most simply described as the teabag-like material that forms the top layer
through which urine passes before being “absorbed” by wood ϐluff pulp and superabsorbent polymers
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Figure 2.16: Incontinence pad – open to show constituents of pad: nonwoven fabric (top), absorbent layer
(centre) and impermeable backing (bottom)
found inside the pad or diaper. It is the part of the product that comes into contact with the skin. In or-
der to understand the application of nonwoven fabrics in continence pads (and diapers), it is perhaps
best to put it into context by means of a diagram (see ϐigure 2.16).
One measurement associated with nonwoven fabrics is the linear density of its ϐibres, the standard
international unit for which is decitex (dtex) [113]. Decitex is deϐined as mass (grams) per 10km [3].
Alternatively, linear density can be measured in denier - mass per 9km - often used with clothing such
as tights. Another density measure of nonwovens is mass per unit area (g:m-2), often written as gsm,
and known as basis weight.
2.4.1 Manufacturing: formation of webs
Nonwovens can be categorised by general manufacturing process: drylaid, (typically with materials
originally used in textiles), wetlaid (mostly using papermaking materials), and polymer-laid (usually
implementing substances initially used for making plastics and extruding polymers) [111].
Drylaid nonwovens are either carded or airlaid [114]. During carding, a web of ϐibres is created
from ϐibre bales which are opened, combined and transported by air to a/several rotating drum(s) (or
cards). These drums radiate narrowwiry projections or teeth, which act as a comb, spreading the ϐibres
to form the web. (See ϐigure 2.17.) The desired mass of the fabric ϐibre orientation will determine how
the cards are arranged [114]. If the majority of ϐibres lie in the direction in which they are combed, the
web is referred to as parallel-laid, as shown in ϐigure 2.18. Otherwise, they are random-laid. The same
equipment can give rise to fabrics with a large selection of varying properties, simply by altering the
material, orientation and/or dimensions of the ϐibres, and the relative speeds of the cards.
The EDANA website states that airlaying is similar to carding in that the ϐibres are transported by
a stream of air to moving machinery where they are converted into a web [114]. In this particular
process, very short ϐibres may be used. Rather than forming ϐibre webs using drums with teeth, a
drum with perforations or a conveyor belt is used. Fibres can only be random-laid, and the resulting
web typically has a lower ϐibre density and softer texture than a carded web. Again, airlaid webs can
have a large range of mechanical properties.
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Figure 2.17: Diagramof cardingmachine (reprinted fromKuo et al. [115], Copyright©2011Chung-Feng Jeffrey
Kuo, Yu-Chung Chou and Tsung-Yi Lin, with permission from SAGE Publications Ltd.)
Figure 2.18: Diagram of parallel-laid web
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Spunmelt nonwovens are produced from thermoplastic polymers, directly introduced into a web-
forming system. They are spunlaid and/or meltblown. In the spunlaid (or spunbond) process, molten
polymer granules are converted to ϐilaments by extrusion via spinnerets. These ϐilaments then pass
throughanattenuator , which cools thembefore they areplacedona conveyorbelt, creating auniformly
laid web. Some bonding initially occurs due to the cohesion of parts of ϐibres that have not fully cooled.
Spunbond nonwovens are generally stronger than those made using other web formation processes,
although there is a more restricted choice of raw materials (polymers). Other materials can also be
co-extruded with the primary ϐibre component to improve bonding or add other useful properties to
the resulting fabric.
Meltblown webs are initially formed in a similar way to spunlaid webs, except that polymers of low
viscosity are used and an airstream at high velocity replaces the conveyor belt. The air dispenses the
molten thermoplastic to form a web. The wetlaying process involves a low concentration of ϐibres in a
water “slurry” draining through a mobile/ dynamic wire screen, leaving a web. Rollers compress the
web, removing any excess water. (Later on, binder impregnation typically takes place.) Since the ϐibres
are randomly orientated, the web has relatively uniform multidirectional strength. Various materials
and ϐibre dimensions can be used. Some techniques are now being combined, such as spunlaid and
meltblown. Many other web-forming techniques exist, some of which incorporate bonding, but these
are not likely to be of any importance in this thesis.
There is a large selection of chemical ϐinishes to choose fromwhenmanufacturing nonwoven fabrics,
depending on the end use of the fabric [116]. Not all are suitable or beneϐicial for nonwovens used as
coverstocks, but examples of those that are include antimicrobial (or biocidal), lubricating or water-
proof coatings. However, the lattermay be considered redundant in coverstocks, in view of the fact that
the majority consist of hydrophobic ϐibres. A range of ϐinishingmethods also exist; the most frequently
implemented techniques are padding and coating. Padding is essentially treating the nonwovenwith a
kind of foam or “liquor” while compressing it between rollers. A coating is usually applied to a nonwo-
ven as an aqueous solution or dispersion before being hot-air dried and cured. As nonwovens used as
coverstocks are generally non-uniform, it is reasonable to assume that the same applies to their coat-
ings; it is possible for craters or voids to be present in the surfactant layer if the solvent evaporates, but
can be rectiϐied by coating the nonwoven several times.
2.4.2 Manufacturing: Bonding
Spunlaid webs are the only webs that have any considerable strength before undergoing the bond-
ing process [117]. It is therefore very important, not only to carry out the bonding, but to select the
appropriate process. The latter ultimately affects the properties required for a particular function.
The three groups of bonding techniques are:
• chemical;
• mechanical;
• thermal;
Chemicals used for bonding are usually in liquid form, for example water based adhesives, which are
most common. However, powders, foams and occasionally solutions made using organic solvents can
also be applied. Impregnation or application of binder in speciϐic patterns to leave an area of bond-free
ϐibres, is known as intermittent bonding.
Mechanical bonding aims to use friction between ϐibres to strengthen the web and can be split into
needlepunchingandhydro-entanglement (or spunlacing). Themajority of ϐibre types canbeneedlepunched,
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during which needles pass through the web forwards and backwards, until ϐibres become entangled.
Various webs can be combined using this method, resulting in a nonwoven fabric with a wide range
of properties. Where needlepunching uses needles, hydro-entanglement uses ϐine water jets at high
pressure to enmesh the ϐibres. Unlike the former process, the latter is mostly implemented for wetlaid
and carded web bonding. The jet conϐiguration can be changed to produce attractive patterns in the
nonwoven and he pressure applied can be controlled to increase or decrease its overall strength.
Thermal bonding is, as the name suggests, amethod of bonding ϐibres in aweb using heat to partially
melt them at the point of the bond. Although the core ϐibrematerial can be used for this, its use is not as
commonas that of a bicomponent ϐibre or a separate anddifferent ϐibrewith a lowermeltingpoint, both
of whichwould already be part of theweb at this stage. Temperature is controlled accordingly. Smooth
and hot rollers can be used to bind ϐibres quickly under high pressure. This is called calendering. High
frequency sonic waves can also be used to excite the web ϐibres, causing their molecules to vibrate
and create heat inside the ϐibres, thereby making the ϐibres more malleable and easy to bond. During
this process, known as sonic bonding, a decorative roller applies pressure to the web. The process
of bonding a web all at once by heating with a ϐlow of hot air is called through-air thermal bonding.
These webs, however, must contain low melt ϐibres. The resulting nonwovens are particularly bulky.
Nonwovens of typical bulk can be produced under high heat and pressure using a “drum and blanket”
system.
2.4.3 Mechanical properties
Over the years, the effects of a large variety ofmechanical and structural properties on the durability of
many textiles (woven, nonwoven and knitted) have been examined separately from the impact of their
interaction with skin [118]. There are many different mechanical properties of a nonwoven fabric that
are important to its function, such as compressive and tensile strength, and the fabrics are often tested
in at least two planes: machine direction and “cross-direction”, which are perpendicular to each other
[119]. Petrulis [118] explained that the resistance of a fabric to abrasion is dependent on the material
of the constituent ϐibres. This was based on ϐindings by Amirbayat and Cooke [120] and Ozdil et al.
[121], who showed that polyester and various other ϐibre materials had a high resistance to abrasion.
The bulk modulus is also an important property as the area of contact between ϐibres, and potentially
at the fabric interface with an opposing material, will be affected under certain normal forces. A low
modulus means more deformation at lower loads and, therefore, a larger contact area between ϐibres
and lower pressure. Overall, spunbond nonwovens with randomly orientated ϐibres also tend to be
more durable than those with parallel ϐibre alignment, which have directional preference.
Various other papers discuss the tensile [122, 123, 124, 125] and compressive [124, 126, 127] prop-
erties of nonwovens used for a wide range of applications. However, there appears to be no published
work on the mechanical properties of nonwovens speciϐically for use in absorbent hygiene products.
The authors of the aforementioned papers found that:
• the bonding process of a nonwoven (thermal or mechanical) can affect the deformation of the
fabric in compression;
• linear density affects the compression of needle-bonded rather than heat-sealed nonwovens;
• nonwovenswith smaller ϐibre diameters, ormore “punched” bonds per unit area, appear to have
a higher compressive modulus;
• the distribution of an applied force across a nonwoven is not uniformdue to variation in its struc-
ture – this is the apparent cause of inconsistent measured mechanical properties.
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2.5 Skin surrogates
A skin surrogate is a material used as a replacement or a substitute for real, naturally existing skin.
Since skin is a relatively complex organ, with many different biomechanical properties relating to its
various functions, a surrogate would not be expected to be similar to skin in every way. Therefore,
different surrogates can be implemented depending on the skin feature or property of interest [4].
With this in consideration, it is in fact evident that most “features” of interest relate to the biology
and histology of the skin, rather than physical andmechanical properties. Nevertheless, many authors
recognise the importance of both biological and mechanical properties of a skin surrogate in deter-
mining its suitability for use in the body, although this may be slightly less important if it is only to
be used in a laboratory. Examples of studies on surrogates with clinical and non-clinical uses will be
discussed here. The principal purpose of tissue-engineered skin in a clinical setting is to re-establish
the barrier function of damaged skin and/or encourage wound repair [128], although the mechanical
properties are also important. In a recent study by Rolin et al. [129], scaffoldsmade from two different
biomaterials were populated with human dermal ϐibroblasts and exposed to a series of biochemical
and mechanical tests. Tensile tests showed that the rigidity of a matrix improves when cells are added
and that the modulus of elasticity of the cellularised dermal equivalent was within the range for real
human skin.
In a review by Shevchenko et al. [130], the production, use, advantages and disadvantages of a range
of existing dermal, epidermal and composite tissue-engineered skin substitutes were described. The
authors also discussed biomechanical testing of such surrogates, carried out to assess their suitabil-
ity for use in the body. An example of such testing includes work by Harley et al. [131] to investigate
the compressive and tensile properties of a commonly implemented collagen-glycosaminoglycan sort
of matrix. The reason for research into these biological constructs is that the inϐiltration of cells from
the tissue of interest triggers degradation of the scaffold, consequently compromising its mechanical
properties. However, measurements by Harley et al. on these scaffolds and a physical model revealed
that cross-linking greatly increased the Young’s modulus of the structure, which supported work by
Powell and Boyce [132] and Garcia et al. [133]. The aforementioned researchers studied the impact
of cross-linking in more detail: Powell and Boyce found cross-linking to have negative implications on
both the mechanical and biological properties, as the result was a brittle and useless scaffold; whereas
Garcia et al. achieved enhanced stability of the matrix mechanics and eliminated the risk of any asso-
ciated cytotoxcity. In a similar study, Saddiq et al. [134] demonstrated that, following the addition of
cells, the positive effects of the cross-linking could be short-lived.
Hong et al. [135] measured friction between a sheepskin, used as human skin substitute, and var-
ious materials – cotton spunlace (hydroentangled); Tencel spunlace; PP (thermally bonded by a hot
cylinder; PP thru-air bonded carded web) (TABCW). The materials were coverstock (nonwoven) ma-
terials from baby diapers as the focus of the research was abrasion damage to babies’ skin caused by
interaction with the top sheet. A 20g weight was applied to the skin surrogate as it was pulled across
the nonwoven sample at 4mm  s-1 for 10s. Water was dropped on the pad for repeat friction mea-
surements in wet conditions; the coverstock was removed and weighed to record the volume of water
heldwithin the fabric. The coefϐicient of friction for the nonwoven made by PP thermal bonding > cot-
ton spunlace > PP TABCW > tencel spunlace. Surface roughness, which was also measured, revealed
that the tencel spunlace nonwoven was rougher than that produced by PP thermal bonding and the PP
TABCW fabric was smoothest. Coefϐicient of friction greatly increased for cellulose spunlaces in wet
conditions.
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In 2007, Derler et al. [91] carried out in vivo friction measurements between skin of the medial
index ϐinger and a wool fabric meeting Martindale abrasion test speciϐications. These measurements
were also made between the same fabric and seven different materials in an attempt to assess their
suitability as mechanical skin surrogates. Most had a coefϐicient of friction higher than that of dry skin
of the medial index ϐinger. Silicone had a coefϐicient of friction lower than that of the skin and Lorica
Soft had a coefϐicient similar to that of the lowest range on skin. Lorica Soft is an artiϐicial leathermade
from a polyamide ϐleece coated in polyurethane (PUR). It is typically used to assess the efϐicacy of anti-
slip coverings for ϐloors on which people walk barefoot. As this study [91] revealed that Lorica Soft
had the most similar coefϐicient of friction to real skin and had a similar surface structure, Cottenden
chose to use it for his friction measurements with nonwoven fabrics [4].
In 2008, Gerhardt et al. [136] published a paper describing their work on friction between non-
woven fabrics and Lorica Soft, and interfacial pressure across an area between a mattress and pelvic
to femoral regions of the body. They stated that there was not yet a surrogate properly validated for
simulation of friction and contact between human skin and nonwoven fabrics. Gilchrist et al. [137]
used an unspeciϐied skin surrogate to investigate the force required to penetrate skin using four dif-
ferent knives. In 2009, Gerhardt and some other colleagues [138] continued to work with Lorica Soft,
investigating the effect of lubrication, sliding speed and normal force on friction. The lubricant was
an artiϐicial sebum applied to the Lorica Soft in different concentrations, and friction was measured
between this and various hard spherical probes of different materials. Shao et al. [139] developed and
tested one silicone and two multi-layer artiϐicial ϐingertips, each with a different ratio of elastomer.
The ϐingertips were constructed from an elastomer and silicone gel base mixture forming the tissues
closest to the bone, encapsulated silicone for themore superϐicial tissues, and a thin layer of acrylic for
the skin. Friction force between these models and a range of surfaces was measured and compared to
real ϐingertips, showing fairly good agreement for most surfaces.
More recently, Guerra and Schwartz [140] investigated themechanics of blister formation in the skin
using: a transparent silicone rubber to simulate the outer epidermis; a PUR elastomer or neoprene
rubber for the dermis; and latex rubber for all subcutaneous soft tissues. None of the studies to date
appear to have validated a particular surrogate for use as an appropriate mechanical replacement for
the testing of human skin. Lorica Soft has been likened to medial ϐinger skin in terms of coefϐicient
of friction [91], and has a similar roughness to skin at the edge of the hand [138]. However, it must
be considered that this skin is different to volar forearm skin, and is likely to have a different range of
coefϐicients of frictionwhen comparing data for real skinwith those for Lorica Soft, aswill be described
later on in this thesis.
Cottenden [4, 141] carried out extensive experimentalworkwith Lorica Soft (LS),measuring friction
between it and three nonwoven fabrics. As is the case for much research involving skin surrogates, its
usewas partly based on convenience – it is adaptable but consistent and readily available for use, unlike
human skin. However, the selection of LS speciϐically owed to the fact that it has surface properties
most similar to that of human skin when compared to other surrogates (as found by Derler et al. [91]).
Althoughhis experimental setupwasoriginally designed formeasurements on excisedbreast skin, only
LS was used, but the data were still useful for making comparisons between the fabrics and various
other factors. Cottenden found that:
• velocity had very little effect on coefϐicient of friction (approx. 5% variation);
• friction force increased with increasing applied normal load and coefϐicient of friction did not
vary signiϐicantly with applied load;
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• only up to about 10% variation was observed with applied load, which could be due to variation
within the material;
• Amontons’ law was obeyed for the force range used.
Interfacial contact was also examined under an optical microscope, but replacing LS with glass –
perhaps the least obvious skin surrogate to be reported. The principle of this work revolved around
the use of a high magniϐication optical microscope to ascertain which nonwoven ϐibres were in focus
and therefore in contact with the substrate of interest. More speciϐically, the depth of ϐield (or dis-
tance between the focal plane of the body of interest and the point at which focus is clearly lost) is a
valuable tool for correctly positioning the true focal plane at the nonwoven-glass interface and at any
level through the depth of the nonwoven. The accuracy of this method improves as the depth of ϐield
decreases with increasing magniϐication, hence the use of a high magniϐication here. This procedure
to quantify ϐibre contact between a nonwoven fabric and a glass substrate yields only length values;
nothing in the two-dimensional micrographs is revealed about thewidth of ϐibre contacts, and so con-
tact area cannot be determined. There have been many attempts to model linear elastic half-spaces
[142, 143, 144, 145, 146, 147] and quarter-spaces [148, 149, 150, 151], which could be used to esti-
mate contact area, but these models were based on materials rather different to skin and nonwoven
fabric ϐibres. As a result, they would be challenging, if at all possible, to implement.
Nonwoven ϐibres are effectively incompressible (in the plane of their cross-sections) at the range
of pressures (0.5kPa-50kPa) used in experiments by Cottenden, and could be likened to convoluted
narrow cylinders against a nominally ϐlat elastic surface, where the same ϐibre may make contact with
the surface at various points and with different local contact areas (see ϐigure 2.19). If the skin could
deform around the circumference of the ϐibre, under a certain range of loads and with particular fabric
compositions, the contact area would, again, be different. Consequently, calculating the contact area
is rather more complex than simply multiplying contact length by ϐibre diameter. Nevertheless, the
method can be used to estimate ϐibre contact lengthwith human skin, based on the assumption that the
stratum corneum behaves in much the same way as the glass slide when a small cylindrical structure
is pressed into it. Although this assumption seems rather improbable, it is in fact reasonable for the
purposes of estimating contact length [141].
Mathematical and physical models of the volar forearm (a common site for in vivo friction measure-
ments) were also developed, produced and validated by Cottenden et al. [152]. The ϐirst experiments
were performed on cylindrical models covered in materials dissimilar to skin; the focus, in this case,
was the geometry, therefore the contact material was irrelevant. The nonwoven fabric, angles of ϐirst
point of contact and applied dead weight were all varied across the range of experiments, but not the
sliding speed. Two cylinders (circular and elliptical)were incorporated into the system to ensure that a
single vertical component (theweight) and a single horizontal component (tangential/shear/frictional
force) could be measured and computed easily. The well-known mathematical model used by Gwos-
dow et al. [153] and Cottenden [152], was used to calculate coefϐicient of static friction for the setup
shown in ϐigure 2.20 – see equation 2.7.
s =
1

: ln

Fmax
mg: sin

(2.7)
where is angle of arc of contact between skin and nonwoven [radians], Fmax ismaximum friction force
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(a) Cross section; hard substrate (b) Cross section; very compliant sub-
strate
(c) Transverse section; hard substrate
Figure 2.19: Contact between a nonwoven ϐibre and different substrates; (c) demonstrates multiple contact
points of a single ϐibre
[N] and mg is applied load [N]. In an ideal setup,  = =2 radians, which simpliϐies equation 2.7 to:
s =
2

: ln

Fmax
mg

(2.8)
It was shown that the mathematical model could be applied to any convex surface (i.e. ellipses and
cones of varying angles) by performing some practical experiments on a selection of cones [154]. In
thesemodels, it is assumed that the “angles of ϐirst point of contact” remain constant for the duration of
the experiment, that there are no torsional or lateral forces on the fabric, that the fabric is inextensible
and that the arm is a rigid cylinder or cone.
Themodelwas further testedbyAsimakopoulos [154]who replaced rigidPlaster-of-Pariswith foams
or gels of different stiffness and studied the impact of surface material (“skin”) and representative
underlying tissues. One issue encountered was that the coefϐicient of friction was changing with the
rubber material used on the surface of the physical model due to polishing and abrasion, so the exper-
iments had to be carried out with a material that did not have a rapidly changing friction coefϐicient.
This was important because a varying coefϐicient of friction would have produced unreliable results,
considering that all other factors remained constant for the duration of each test. Remarkably, the
highly compliant model arms demonstrated a strong linear relationship between mean dynamic fric-
tion force and applied load, as did the rigid models, despite the large deformation exhibited by them
and the nonwoven fabrics. Although the mathematical model assumes the linear regression line (for
friction force vs applied load data) passes through the origin, all physical models produced a small off-
set on the y-axis (see ϐigure 2.21). There was little variation in offset to be attributed to the different
model arms, but a more obvious difference between nonwoven fabrics. Asimakopoulos investigated
whether these offsets could be explained by an additional force required to bend the fabric around the
arm, which would depend on the bending stiffness of the nonwovens. This turned out not to be the
case, so it was suggested that the dominating cause was the friction mechanism(s) operating at the
interface.
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This image has been removed by the author for copyright reasons.
(a)Diagrams of side views of the elliptical cylinders; red line = strip of nonwo-
ven fabric (from [152])
(b) Tangent at ϐirst/last point of contact between nonwoven strip and cylinder (or-
ange dots) affects angle of arc of contact (); angle is taken between blue dashed
straight lines
Figure 2.20: Experimental setup used by Cottenden et al. [152]
(a) Friction force passes through origin (b) Small friction force offset
Figure 2.21: Difference between theoretical model, (a), and physical model, (b), ‘friction force vs applied load’
relationship
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2.6 Summary
Awide range of topics have been covered in this review, from the types and manufacturing techniques
of nonwovens, to the mechanical testing of skin (including friction). The key points are summarised
here.
Nonwoven fabrics vary enormously in their structure due to the use of a broad range of available
materials (polymers) andmanufacturing and bonding processes. They are designed formany different
applications and are tested according to their use. Nevertheless, the literature on mechanical testing
of those used in absorbent hygiene products is rather limited – only few fabrics have been used by
few researchers – hence it is difϐicult to conϐidently attribute certain features of a nonwoven to certain
mechanical properties. Many studies have been conducted with skin surrogates and Lorica Soft has
been shown to be most similar to human skin in friction. However, only few nonwoven fabrics have
been usedwith this surrogate, so its suitability to represent skin in frictionwith coverstocks is not well
known.
Measurements of friction between real skin and variousmaterials have produced a large selection of
results basedonbody region, age, gender, ethnicity and skinhydration. Thewide rangeof testmaterials
andmeasurement techniques gave rise to someconϐlictingdata. However, the general consensus seems
to be that Amontons’ ϐirst law of friction is obeyed when the skin is dry (normal). Most measurements
have been made between skin and a hard surface (rather than textile). The coefϐicient of friction with
these materials is generally unaffected by sliding speed (even though skin is viscoelastic), age, gender
or ethnic origin. On the other hand, TEWL has been shown to be affected by the latter three. When skin
is wet or damp, the friction force is higher than for dry skin, although the relationship between skin
hydration and friction is still not very well understood.
Deformation of the skin mostly depends on the bulk properties of the hypodermis, dermis and epi-
dermis together, but friction seems to be inϐluenced mostly by the stratum corneum (superϐicial sub-
layer of the epidermis). This layer of cells is known to be stiffer than those that lie deeper in the skin
and, to an extent, limits the overall deformation of the skin as a whole. Despite this, the effect of skin
deformation on friction has not received notable attention in the literature. Aminimal amount of work
has been carried out to investigate experimentally and model the interface between skin and textiles;
as a result, little is known about how friction is mediated, although many have commented on the op-
erating friction mechanisms. Adhesion is the main mechanism associated with skin friction and it has
been proposed that its contribution increases when the skin is wet/moist, but there is also a lack of
understanding here due to a lack of robust evidence.
2.7 Aims & objectives
The main aim of the work in this thesis is to improve understanding of friction between human skin
and nonwoven fabrics, building on work previously done by past PhD students. The ultimate purpose
of the project is to aid the improvement of absorbent continence (and similar) products by identifying
material properties and manufacturing processes of nonwovens that have a particular impact on their
frictional interaction with human skin. This knowledge can then be used to optimise the selection and
development of nonwovens so that they are more ”skin-friendly”, thereby reducing skin damage. In
order to achieve these aims, the work has been split into four main strands, the objectives for each are
summarised in the relevant sections that follow.
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2.7.1 Friction between a skin surrogate and nonwoven fabrics
Measure friction between a wide range of nonwoven fabrics (varying in manufacturing process, polymers
and structure) and a skin surrogate: Starting with a large group of (13) new nonwovens, a subset
will be chosen using the same methodology implemented by Cottenden to measure friction between
nonwoven fabrics and a skin surrogate (Lorica Soft). The subset will consist of fabrics distinct from
Cottenden’s fabrics and each other, in terms of material and manufacturing properties and/or friction
forces.
Measurements of friction on a skin surrogate in a curved conϔiguration: An investigation will be con-
ducted into whether or not the surface of the surrogate undergoes sufϐicient change, to produce dif-
ferent friction forces with nonwovens, when the interface is curved. It is anticipated that the results of
this can be used to help to interpret the data on volar forearm skin in vivo.
2.7.2 Friction between excised skin and nonwoven fabrics
Friction tests on a skin surrogate may produce reliably consistent data, but the surrogate only repre-
sents the surface properties of skin. Real human skin is rather different in manyways – for that reason,
it is important to repeat themeasurementsmade on the surrogate on real skin. The data collected here
will help to interpret other friction data and will act as an intermediate betweenmeasurements on the
skin surrogate and human skin in vivo. In order to make direct comparisons, the following work must
be carried out1.
Ethics: Research Ethics Committee and Research and Development approvals were obtained by Cot-
tenden before the start of this project. The researcher name and details will be updated; the expected
study end date will also be extended.
Measure friction on excised breast skin: With the same apparatus used in skin surrogate-nonwoven
friction measurements, these experiments will be repeated on excised skin. Any differences observed
between the skin and surrogate will help with the analysis of data on volar forearm skin.
2.7.3 Friction between volar forearm skin and nonwoven fabrics in dry (normal) conditions
This is the ϐirst phase of a two-part research study to investigate friction between a broad range of
nonwoven fabrics and the volar forearm skin of people of different ages with different skin types. The
aim is to determine: (i) if Amontons’ law is obeyed; (ii) how friction varies between nonwovens and
between subjects, particularly with respect to their age; and (iii) observe the nature and extent of soft
tissue deformation accompanying friction between skin and nonwovens, particularly as it varies with
the age of participants.
Selection of a subset of nonwoven fabrics: The same large group of nonwovens to be tested with the
skin surrogate (see §2.7.1)will also be tested against volar forearm skin to conϐirm the selection subset
for further examination (on participants). The subset will be chosen based on the friction data from
both sets of experiments and should encompass a wide range of material and mechanical properties.
Ethics: Research Ethics Committee and Research and Development approvals must be obtained for
this study.
1This work was started but not completed – for reasons explained at the end of chapter 7 – and has been placed in
appendices G and H rather than in the main body of this thesis.
Literature Review 51
Measurements of friction between volar forearm skin and nonwovens: Friction measurements will be
made on the volar forearm skin of young and very old volunteers in normal (dry) conditions with the
subset of nonwovens. These data will also be compared to the data from the skin surrogate to look for
similarities and characteristic trends between them based on their interaction with nonwoven fabrics.
2.7.4 Friction between volar forearm skin and nonwoven fabrics in wet conditions
This is the second phase of the study on friction between human skin and nonwoven fabrics. So far, all
friction experiments described are in the absence of ϐluids. However, this only applies to situations in
which urine has not yet leaked into the pad. It is therefore important to introduce ϐluid into the system
and examine its effect on friction across a range of skin types. The same aims (labelled (i)-(iii) in §2.7.3)
apply here.
Methodology development and selection of variables: An experimental procedure for measuring fric-
tionbetweenvolar forearmskin andnonwoven fabrics inwet conditionswill bedeveloped. Themethod
must encompass friction at many levels of skin wetness and accommodate the different skin types of
study participants.
Measurements on study participants: Having established an appropriate method for introducing wa-
ter/saline into the system and measuring friction on a range of skin types, measurements will be car-
ried out on participants in the study.
2.7.5 Interfacial contact (ϔibre footprint)
Information about the ϐibre footprint between the nonwoven fabrics (used in friction measurements)
and a substrate would help to interpret the friction data and to elucidate friction mechanisms.
Fibre footprint between glassmicroscope slides and a broad range of nonwoven fabrics: Using the same
methods as Cottenden, measurements of ϐibre contact length will be made for nonwovens from the
subset selected based on friction measurements. These experiments serve to assess the properties of
different types of fabric in relation to their ϐibre footprint and to help to understand how friction is
mediated by the interface.
Application of a mathematical model: The existence of a model to estimate actual contact area will
be investigated. Should this modelling work be successful, the contact areas will be compared with
contact lengths to check how representative the lengths are of area.
CčĆĕęĊė 3
FėĎĈęĎĔē ĒĊĆĘĚėĊĒĊēęĘ Ĕē ĘĐĎē ĘĚėėĔČĆęĊ
“The great tragedy of science—the slaying of a beautiful hypothesis by an ugly fact.”
— Thomas Huxley, 1825–1895
Iē ĔėĉĊė ęĔ ĎēěĊĘęĎČĆęĊ the friction between skin and nonwoven fabrics, it was ϐirst important toselect some materials and develop a suitable method for testing them. As the ultimate aim was to
identify potential relationships between friction and certain properties of some nonwovens, it would
be useful to study a range of nonwovens that vary in both structural properties and friction behaviour.
An assortment of nonwoven fabrics that met these criteria was supplied by SCA Hygiene Products AB
in Göteborg, Sweden – a “leading global hygiene and forest products company” that provides many of
the absorbent hygiene products used worldwide, among other suppliers. With a large selection of 13
new nonwovens to choose from, it was clear that a considerable number of friction measurements
would be required to make an informed decision. It would have been inappropriate and unethical to
carry out such extensive testing on a volunteer. Instead, thesemeasurementsweremade using the skin
surrogate, Lorica Soft, in preparation for a study with volar forearm skin in vivo (see chapters 4 and 5),
although some preliminary experiments formethod developmentwere also carried out on a volunteer.
Lorica Soft (LS) was used ϐirst because it was easy to use, was available at convenience, and was
relatively consistent – it produced repeatable friction results with nonwoven fabrics. It had the ad-
ditional beneϐit of producing friction data directly comparable with those collected by Cottenden [4]
for three other nonwovens, when implemented in conjunction with his rig. As an artiϐicial, polyamide
ϐleece leather, the skin surrogate (Lorica Soft) was, in most respects different to real human skin, but
was appropriate for the purposes of this work. Lorica Soft has been shown to be the surrogate (of all
those tested) most similar to human skin in terms of surface texture and friction forces. (See §2.5.)
It was also more versatile than skin in the sense that its dimensions and orientation were not limited
by the source. In this chapter, work to evaluate the new group of nonwoven fabrics, using LS in a ϐlat
conϐiguration, is described ϐirst. Further experimentation with LS in a curved setup follows, the pur-
pose of which is discussed in the relevant section. Due to the arrangement of chapters in this thesis,
methodology and data from measurements on real human skin and the surrogate are kept separate.
Nevertheless, the outcome of preliminary experiments on volar forearm skin was borne in mind when
analysing results from LS.
52
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3.1 Materials
3.1.1 Skin surrogate
Lorica Soft is the skin surrogate previously described in §2.2.4. It was used in these experiments for the
initial analysis of new coverstocks because results obtainedwith an earlier set proved to be repeatable,
therefore making it a reliable material for determining similarity between nonwoven fabrics. It is also
worth noting that human skin in vivo is more challenging to test because humans lack the abilty to
remain perfectly still for any period of time, not to mention the interpersonal anatomical variations.
There was an added beneϐit to using a skin surrogate, in that it was readily available for testing. In
these experiments, it was important that the skin surrogate surface did not vary signiϔicantly, as it was
anticipated that the nonwoven fabric would, and it was the change in nonwoven fabric that was of
interest.
3.1.2 Nonwoven coverstock fabrics
This work follows some extensive testing by Cottenden [4] on three nonwoven coverstock fabrics. He
was able to identify a potential mechanism present during their frictional interaction with a skin sur-
rogate, applicable to all three nonwovens. However, it was still not known if this mechanism held for a
wide range of nonwovens or just for the three fabrics examined. It was particularly difϐicult to deter-
mine, from these data alone, because all three of the fabrics were very similar to one another, varying
only in the coating and linear density of the constituent ϐibres.
Table 3.1 shows a summary of the properties of all the nonwovens considered in this thesis (note that
S/C bico refers to the sheath to core ratio of bicomponents ϐibres – in this case, 30% PE sheath to 70%
PP core.) Nonwoven fabrics SF1, SF2, SF7, SF10, SF15, SF16 and DC1 consisted of uncoated hydropho-
bic ϐibres; SF9, SF12 and SF18 had hydrophilic surfactants; SF17, DC3 and DC6 were also coated. The
presence of a surfactant in dry conditionsmay have a lubricating effect or increase friction, but the spe-
ciϐic surfactant was assumed not to make a difference at this stage. This was expected to becomemore
relevant when investigating friction between volar forearm skin and nonwoven fabrics in the presence
of ϐluid. For full details of the nonwovens used, see table A.1 in appendix A. Nonwoven fabrics SF1 to
SF18were compared due to theirwide range ofmaterial properties and differentmanufacturingmeth-
ods. All of these were tested as described in §3.2.1 and §4.1.1.1 (dry friction only) and a subset of the
13 new fabrics were selected for further examination.
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Table 3.1: Manufacturing processes and material properties of all nonwoven fabrics examined in this study
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3.2 Comparison of a wider range of nonwoven fabrics: Selection of a subset
The purpose of the work described in this section was to select a subset of representative nonwovens
for further testing and to investigate whether inferencesmade by Cottenden [4] apply to a wider range
of nonwoven fabrics. These inferences were: that the main mechanism occurring during friction be-
tween nonwovens and Lorica Soft appeared to be adhesion; that displacement rate had very little effect
on friction force; and that change in applied load (in the range 0.25N–19.1N) gave rise to a difference
in coefϐicient of friction of less than 10% of the highest value.
Before embarking on a detailed description of the experimental procedure, it should be mentioned
that the nonwovens are referred to here and throughout the thesis only by their fabric codes (e.g. ‘SF1’)
for convenience. In order to select the subset of nonwoven fabrics, some preliminary experiments had
to be carried out to help to eliminate themost similar fabrics. The friction forces between these nonwo-
ven fabrics and Lorica Soft (LS)were compared to each other and to the data collected on volar forearm
skin (as described in §4.1.1.2), and subsequently used to identify themost different fabrics, whichwere
then examined further. (Data on the volar forearm are not discussed in this chapter, rather in chapter 4,
in order tomaintain a clear presentation of this work.) During this process it was also possible tomake
some inferences about the relationship between friction force and speciϐic manufacturing processes or
material properties of the nonwoven fabrics as shown in table 3.1.
3.2.1 Methodology
Special apparatus, originally designed by Cottenden [4] for the measurement of friction between ex-
cised human skin and nonwoven fabrics, was also used here, substituting the excised skin for a skin
surrogate called Lorica Soft. It was this same material used by Cottenden that was used for all friction
experiments described in this chapter. The apparatus is depicted in ϐigures 3.1 & 3.2 and its compo-
nents are described in table 3.2 on page 57.
Figure 3.1: Diagram of apparatus used to measure friction between skin (surrogate) and nonwoven fabrics
(based on [4]
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Figure 3.2: Side view of apparatus, focusing on contact between skin surrogate and nonwoven fabric attached
to anvils
Lorica Soft (or skin surrogate) on the slider – attached to the tensometer via a tensometer connector
and linkage – was pulled between two pieces of nonwoven attached to two anvils, which were ϐixed
to the upper surface and base of the apparatus. The two pieces of Lorica Soft and two anvils created a
double interface, which greatly reduced the net moments about the points of contact that are observed
with a typical single interface when a slider is used. This occurred because, with Cottenden’s design,
the moments were essentially equal and opposite. Of course, the load applied to the bottom anvil was
larger than that of the top one, with the additional weight of the slider1, although Cottenden attempted
to design the slider in such a way that the extra load was limited. The slightly rounded, uni-directional
proϐile of each anvil’s contacting surface enabled uniform pressure distribution in friction. A ϐlat or
spherical surface would create a pressure gradient across the interface, but something in betweenwas
found to bemore appropriate. Also, the pressure distribution depended upon shear stresses; the lead-
ing edge (at the front of the anvil in the direction of sliding)was shapeddifferently to the trailing edge to
maintain the uniformity. (A description of how the anvils weremanufactured can be found in appendix
C of Cottenden’s thesis [4].)
A load was applied to the upper surface, separated from the base by springs (with guiding rods)
and legs. Applied loads were selected according to the anvils used – each was produced at a speciϐic
pressure and this was taken into consideration during loading. In ϐigure 3.1, the bulbs represent the
microscope stage on which the apparatus was positioned, and the microscope camera with which the
nonwoven-surrogate interface was visually recorded by Cottenden [4]. However, this no longer bore
any scientiϐic importance to the experiments described in this thesis as video-recordings with the mi-
croscope camera were found to be unhelpful in the analysis of friction data. This is because Cottenden
found that the images produced were of no use for ϐibre contact length measurement, or assessment
of dynamic interfacial interaction, due to the lack of clarity (poor resolution). Recording the friction
measurements with a normal video camera was attempted instead, but the footage was also uninfor-
mative. Nevertheless, the microscope stage was still used, solely to support the apparatus shown in
ϐigure 3.1.
1This was measured (by Cottenden [4]) and the contribution of the slider to the load on the bottom anvil was shown to
be up to 0.5N and decreased by 0.1N during the course of a 50mm friction cycle.
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Table 3.2: Description of friction apparatus components
Component Description/purpose
Slider 240μm-thick acetate sheet to which two pieces of skin surrogate 
50mm100mm(one on each side)were glued; disposable if usedwith
real excised skin.
Tensometer Mechanical testing machine used to apply constant dispacement rate
to slider/LS across anvils/nonwoven, while simultaneously measuring
friction force. [MTT170, Diastron, Andover, UK]
Tensometer connector Small piece of stiff 0:52mm polyethylene sheet [RS Components Ltd,
Corby, UK] to which linkage attached; kept between tensometer grips.
Linkage Specially designed larger piece of the same material as connector sup-
ported by two ϐlat aluminium rods (rectangular cross-section); sup-
ported and connected to slider and tensometer connector.
Anvil PUR resin discs with one slightly convex face to distribute pressure uni-
formly across the skin surrogate surface; therewere twoanvils – one for
each piece of skin surrogate attached to the slider; theywere a “snug ϐit”
in the upper surface and base.
Upper surface 2mm; 4mm and 6mm perspex sheet and strips; supported the dead
weights, applied via two M5 bolts, and held the top anvil in place.
Base 4mm and 8mm perspex sheet and strips; designed to ϐit securely on
the microscope [DMLM Leica Microsystems (UK) Ltd, Milton Keynes,
UK] stage; held bottom anvil in place.
Springs & guiding rods Four partially de-threaded M4 bolts acted as rods for four springs [LP
012BC 06 (k = 0:028N mm-1, lo = 31:75mm), Lee Spring, Wok-
ingham, UK], which supported the upper surface during loading of the
skin surrogate.
Legs Four bulldog clips to support the upper surfacewhen no loadwas being
applied to the skin surrogate; one of the long hinged components on
each clip could be released to remove support.
Wedge tool A piece of wood shaped to support the slider/acetate so that the skin
surrogate and nonwoven fabric on the bottom anvil did not come into
contact prematurely; it had two chamfered edges to facilitate its inser-
tion and removal (not shown in ϐigure 3.1).
All friction experiments with Lorica Soft were carried out in an environmentally (temperature and
humidity) controlled room: the temperature and relative humidity were maintained at 23:0  2oC
and 50:0  4% respectively. Apparatus were set up mostly as described by Cottenden [4], including
the application of nonwoven fabrics to anvils, attachment of the skin surrogate to the slider, and calcu-
lation of the trimming load (the load applied to create initial contact between the fabric and surrogate,
without applying a signiϐicant force at the interface). Before any dead weights were applied, the only
load was the top piece of the apparatus itself. However, the force from its weight was insufϐicient to
compress the springs enough so that the top anvil was just in contact with the top piece of Lorica Soft.
Small weights had to be applied to induce what could be considered an unloaded contact. In other
words, any weights applied thereafter would constitute the real applied load.
Once an applied loadwas chosen according to the pre-made anvils, two pieces of the selected nonwo-
ven fabricwere cut to approximately 35mm35mmand then attached to the convex side of two anvils
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– aligned with the machine direction2 parallel to the direction of tensometer pull – using nail varnish
as an adhesive on its rim. When the nail varnish dried, the excess nonwoven fabric was removed using
scissors. Nail varnish was used because it was easily removed with ethyl acetate, enabling reuse of the
anvil. The anvils were orientated in the apparatus such that the machine direction of the nonwovens
was parallel to the direction of pull of the tensometer and the same surface of the fabric was always
exposed for friction. Lorica Soft wasmounted on an acetate sheetwhichwas then connected to the rest
of the slider, as shown in ϐigure 3.3.
Each coverstock was tested under two loads (2.6N or 5kPa and 8.1N or 15kPa), at one crosshead
speed (0:5mm  s-1) over a distance of 50mm, for 10 cycles. Only two loads – one near the top and the
other near the bottom of the range of interest – were used because of the time constraint on measur-
ing friction forces for 13 fabrics. A displacement of 50mm was set in order to collect as much data as
possible on the chosen pieces of Lorica Soft without impinging on the edges of the surrogate with the
centres of the anvils. Measurements were repeated for 10 cycles as nonwovens SF1-SF18 had never
before been tested using the method described in this section, so it was necessary to brieϐly assess the
wearing-in3 period and the repeatability of the friction measurements with these fabrics, before elim-
inating most fabrics. All nonwovens were tested in order of code number (i.e. SF1, SF2, SF3, …SF18),
ϐirst under 0.26N, then under 8.1N.
Maximum force, pre- and post-wait periods (phases 2 and 4 respectively – see ϐigure 3.4), pre-cycle
gauging and tensometer start and ϐinish positions were important to ensure that measurements were
accurate, and that there was time to prepare and reset the apparatus before and between measure-
ments. Maximum force was chosen by ϐirst considering the applied load, because if the actual mea-
sured force were to exceed the limit set, the tensometer would stop and the experiment could not be
completed. However, when it was not obvious whether the friction force would be greater than the ap-
plied force, it was reasonable to initially set themaximum value possible formaximum forcemeasured
by the tensometer.
The pre-wait period depended on the amount of time required to complete apparatus setup for the
ϔirst cycle after the calibration period (when zero force wasmeasured/set). This was usually consider-
ably longer than the setup between cycles. The post-wait periodwas typically shorter than the pre-wait
period. This was when the upper surface was lifted off the Lorica Soft and rested on the legs, and the
wedge tool was used to lift the slider off the bottom anvil, so that the tensometer could return to its
start position. All of these parameters were input as tensometer settings, as shown in ϐigure 3.4.
2Themachine direction (MD) during manufacture of SF3 was obvious due to its ϐibre alignment. SF9 and SF11 also had a
large proportion of parallel ϐibres. Some nonwovens exhibited large structural variation, even before frictionmeasurements,
visible on a macroscale. Such fabrics included SF1, SF10, SF15, SF17 and SF18. However, all were labelled with MD before
receipt.
3Wearing-in is the term used to describe changes occurringwithin a new sample of nonwoven fabric during the ϐirst 25
friction cycles as the measured force equilibrates. This can also apply to new pieces of Lorica Soft.
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Figure 3.3: Photograph of the slider with Lorica Soft on both sides of the acetate sheet
Figure 3.4: Settings applied to tensometer for most friction measurements on Lorica Soft; crosshead speed,
number of cycles and phases 2 and 4 sometimes varied during preliminary experiments
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The skin surrogate-nonwoven interface was loaded with dead weights on the upper surface of the
apparatus. These weights were applied to the apparatus before any contact occurred between the
nonwoven fabric and Lorica Soft. The tensometer was left to equilibrate to establish the reference
(zero) force for approximately 10 seconds before the sliderwas placedwithin its grips (the tensometer
connector) and the measurements commenced. The wedge tool was carefully removed from under
the slider, allowing the skin surrogate to rest on the bottom anvil. Next, the legs were released and
the upper surface was lowered so that the top anvil made contact with the skin surrogate. Between
measurements, it was necessary to reset the apparatus to the same position as during the calibration
period, so that the tensometer could return to its starting point – without damaging the nonwoven –
for each cycle.
3.2.2 Results
The ϐirst things to be reported here are the observationsmade during the experiments – various things
that could not be expressed in graphical form and may become more relevant when attempting to ex-
plain certain patterns in the data. The surface proϐiles of Lorica Soft were rather uneven, so the contact
area between the skin surrogate and nonwoven fabric was likely to have changed (on a macroscale)
with displacement. There also appeared to be a slight peak in the proϐile of the top piece of LS, distal
to the tensometer. The lack of uniformity is something that was recognised by Cottenden [4] as an in-
evitable consequence of attaching skin surrogate to the acetate using the particular method described
in his thesis. However, the effect is more likely to be similar to that of adhering a sample of excised skin
to a completely ϐlat surface, as the naturally non-uniform distribution of fat among other tissues causes
variations in its thickness over a given area. On a few occasions, a nonwoven brieϐly rubbed against the
Lorica Soft in a direction other than that intended for measurements. Fortunately, this did not appear
to have a notable effect on the data.
Despite the sparse distribution of the ϐibres in SF17, the fabric felt relatively stiff, making it difϐicult
to attach to the anvils, but once attached, there was no longer a problem. SF18 was a particularly thin
and lubricious nonwoven. After takingmeasurements under 8.1N, it was noticed that the piece of non-
woven on one anvil was loose on top and could slide against the convex surface of the anvil. Thismeans
that frictionwasmeasured at both the nonwoven-anvil and nonwoven-surrogate interfaces. The graph
in ϐigure 3.5 is an example of the data collected in each friction test4, although graphs varied in shape
slightly. There were also differences in static friction force and dynamic force ranges for each fabric,
the former of which are compared in table 3.3. Figure 3.6 demonstrates how the static friction force
(or “maximum tensometer force”5) would ϐluctuate between cycles, rather than decrease steadily over
time. The next six graphs (ϐigures 3.7–3.12) display the friction-displacement curves of each nonwoven
at cycles 1, 5 and 10, which were chosen to represent different stages of each friction test, and appear
to give an accurate representation of the overall cyclic progression (in terms of force and shape).
4Note that all force values plotted are half of themeasured values; this is because frictionwasmeasured for two interfaces
(both nonwoven fabric against Lorica Soft), so the mean force was taken.
5Throughout this thesis, the term “(maximum) tensometer force” is used more frequently than “(static) friction force”.
This is because the tensometer force may also include another force – perhaps contributed by whichever mechanism is in
place – although the dominant force is, indeed, friction.
Friction measurements on skin surrogate 61
Figure 3.5: Friction between SF9 and Lorica Soft; 2:6N; 0:5mm  s-1; each curve represents a different cycle
Figure 3.6: Maximum forces measured for each cycle of friction between SF9 and Lorica Soft;
2:6N; 0:5mm  s-1
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Figure 3.7: Cycle one of friction between Lorica Soft and all nonwovens (SF1–SF18); 2:6N; 0:5mm  s-1
Figure 3.8: Cycle ϐive of friction between Lorica Soft and all nonwovens (SF1–SF18); 2:6N; 0:5mm  s-1
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Figure 3.9: Cycle ten of friction between Lorica Soft and all nonwovens (SF1–SF18); 2:6N; 0:5mm  s-1
Figure 3.10: Cycle one of friction between Lorica Soft and all nonwovens (SF1–SF18); 8:1N; 0:5mm  s-1
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Figure 3.11: Cycle ϐive of friction between Lorica Soft and all nonwovens (SF1–SF18); 8:1N; 0:5mm  s-1
Figure 3.12: Cycle ten of friction between Lorica Soft and all nonwovens (SF1–SF18); 8:1N; 0:5mm  s-1
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Table3.3: Summary ofmaterial properties and friction data for all nonwovens; highest tensometer force, second
highest tensometer force, lowest tensometer force, second lowest tensometer force; *SF18 is PE/PP S/C bico
30/70
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3.2.3 Discussion
Before analysing the data, a few things should be pointed out. Where friction force has been displayed
on a graph, it is in fact the mean friction force of two interfaces: the nonwoven on the upper anvil
and the top piece of LS; the nonwoven on the lower anvil and the bottom piece of LS. Where there are
numbers in the legend of a graph, they refer to the friction cycle number. There are often truncated axes
on graphs in order to highlight certain features of curves or to be able to more closely compare each
nonwoven, cycle, load or crosshead speed. No useful information has been omitted, nor have anomalies
been excluded unless otherwise stated and explained.
The nonwoven samples were not elongated upon application to the anvils, therefore it was expected
in some cases that the nonwovens would slide a short distance on the convex anvil surfaces at the
start of each cycle. However, this could not have affected the data signiϐicantly because, even in the
most extreme situation when there was up to 2mm displacement between the anvil and nonwoven,
friction was only measured in one direction. For that reason, it can be assumed that the data would
have varied only slightly (if at all) in the sameway for each cycle. Another thing to acknowledge is that
different pieces of each nonwoven fabric were used with each applied load. Cottenden noted that the
coverstocks were typically inhomogeneous – in terms of their ϐibre distribution – and it is very likely
that the sameamount of variationwas found in thenew fabrics (SF1-SF18). This is something thatmust
always be consideredwhen discussing possible causes for changes in friction forces or curve shape. As
the pieces of LS used in these measurements had already been worn-in, the possibility of wearing-in
being the cause for SF3 (tested ϐirst) and SF18 (tested last) having the most different friction forces
was excluded.
The graph in ϐigure 3.5 shows a typical friction force-displacement relationship, observed with any
of the nonwovens tested, as measured by the tensometer. In most cases, the ϐirst three cycles had the
highest friction forces, after which there was little change with cycle number. Most repeats under each
load resulted in very similar “principal” curve shapes, as can be seen in ϐigure 3.5, with only one or few
deviations from the mode shape. Each curve also comprised smaller peaks and troughs due to a “re-
mainder friction” as described by Cottenden [4]. It was suggested that these principal and remainder
curves (or force variations) were associated with two different components or mechanisms, but this
will be discussed later on in this section when all the data have been considered. All friction cycles
had a sharp peak (static friction) force at the start, which was almost always highest for the ϐirst cycle.
The very small width of this peak indicated almost immediate shear between the nonwoven fabric and
Lorica Soft from the start of the measurement.
Three of the cycles, for each set of friction measurements with each nonwoven, were chosen for
display in this section to simplify comparison of nonwovens. It was thought that the ϐirst, ϐifth and
tenth cycleswould provide a good range of data to accurately demonstrate the occurrences throughout
entire experiments (i.e. these three cycles suitably represented all 10). Even with fewer cycles, there
was still a rather large number of nonwovens to compare, therefore the nonwovens under different
loads have also been compared on separate graphs.
From the graphs of cycles 1, 5, and 10, under both loads (see ϐigures 3.7–3.12), it can be seen that the
order of nonwovens (in terms ofmagnitude of friction force)wasmostly the same for each cycle. Under
a normal load of 2.6N, SF3 always had the highest friction force (for all cycles), followed by SF14. SF18
had a notably decreasing friction force with each cycle, which was always considerably lower than all
other fabrics - up to 3/5 or 2/3 of that produced by the nonwoven with the highest friction force for
an applied load of 2.6N or 8.1N respectively. Considering that SF18 consistently had the lowest friction
Friction measurements on skin surrogate 67
forces, there was no other nonwoven fabric that always produced the second lowest friction force with
the skin surrogate for one or both applied loads (2.6N and 8.1N).
For all other nonwovens, the measured tensometer force changed randomly from cycle to cycle (no
continuous increase or decrease in force), especially under the higher load. This suggests that the
fabrics had very similar frictional interactions with the Lorica Soft, and it appeared that the cycle-to-
cycle variationwas greater than or equal to variation between these particular nonwovens. In all cases,
the static friction force for each coverstock only decreased by approximately 0.05N over the 10 cycles,
and the same for dynamic friction at any given displacement value – 7.7% or less for SF3 and 13.2% or
less for SF18. The shapes of the curves for eachnonwovenwere very similar between cycles – therewas
little inter-cyclic variation for eachnonwoven. Thus far, all of thiswould suggest that themanufacturing
processes and structural properties played no role in friction against Lorica Soft for most nonwovens.
This may have been, in part, due to the fact that most nonwovens were made from ϐibres of the same
polymer (PP) and manufactured using the same two processes.
In order to identify the material properties that may have affected friction between Lorica Soft and
the nonwoven fabrics, it was important to ϐirst understand how these propertiesmay have affected fric-
tional interaction. Themanufacturing processes of nonwovens were brieϐly described in §2.4, where it
was clear that the carded nonwovens would have different properties according to their constituents
and other features, rather than the speciϐic manufacturing process. However, spunlace (or hydroen-
tangled) nonwovens are known to be soft, compliant and strong in tension, amongst other properties
[155]. Considering the fabric compliance, it might be expected that friction force would be higher due
to an increasing number of ϐibres in contact with the skin surrogate, potentially becoming trapped in
the small troughs. Alternatively, it may be that ϐibres would not stick because they would be under
tension on the anvil during friction measurements.
When comparing friction forces, it can be shown that SF3 had the highest maximum friction force
and highest force range under 2.6N, followed by SF14. Nonwovens SF3, SF14 and SF17 had the highest
forces when tested under 8.1N. The lowest friction force for SF3 (when tested under 2.6N) was greater
than most of the highest forces for other nonwovens. Most other fabrics were relatively close in terms
of their friction forces. Fabrics SF1 and SF12 had exactly the same ranges andmaximum friction forces
under 2.6N normal force, and SF10 was almost identical to SF1 under both applied loads. SF18 had
the lowest force range and maximum force at all times under each load. The principal difference be-
tween SF3 and SF18 was their area density (or basis weight), but there was insufϐicient evidence to
infer that this particular property was responsible for the large difference in tensometer force. In fact,
other information contradicted the suggestion that any of the known features of the nonwovens di-
rectly affected friction. For example, SF3 and SF14 both had very low linear densities, but so did SF18;
SF3 and SF14 were made from different materials; SF17 and SF18 had the same proportional bonding
area and similar area densities.
As mentioned previously, Lorica Soft had a rather uneven surface. It might be expected that this
would be clearly reϐlected in the friction force-displacement curves, however, this was only partially
true. While most curves were generally similar in shape, they were not identical, which suggests that
the changes in friction force across the surface of Lorica Soft were also dependent on some other fac-
tor. If this factor was a manufacturing process or certain material properties, it should be possible to
demonstrate by comparing the data of each nonwoven with their properties. If a group of nonwovens
that shared one or more particular processes or properties also showed similarities in graph shape, it
may suggest that their common feature(s) contributed to a particular friction mechanism. The same
applied to friction force or coefϐicient, but this will be discussed later on in the section. It should also
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be noted that it was the shape of the graph rather than the magnitude of the friction forces that may
indicate which mechanisms were operating.
Looking at ϐigures 3.7, 3.8 and 3.9, there was an interesting curve-shape similarity between SF7, SF9
and SF18. Nonwovens SF3 and SF14 both produced relatively ϐlat curves when tested under 2.6N. SF3
curves remained like this with 8.1N applied load, whereas the curve shape for SF14 became more un-
dulated. The properties of these have already been compared because they had the highest friction
forces. Fabrics SF1, SF2, SF11 and SF17 curves all had shallow S-shapes at 2.6N, which became more
undulated under the higher load. If all the nonwoven fabrics had the same mechanical properties, it
would be expected that curve shape would be the same, based on the assumption that the surface of
the skin surrogate also contributed. The particular property of interest is compliance: a more compli-
ant fabric may be more likely to be affected more by a non-uniform substrate surface. However, the
experimental setup would not have permitted compliance to have any signiϐicant effect on friction as
all nonwoven samples were constrained by an adhesive (nail varnish) on the anvils. Therefore, it was
not possible to assess the potential impact of compliance on force-displacement curve shape.
The coefϐicient of static friction, s, was calculated for each friction cycle for each nonwoven, using
the standard equation, s = Fmax=L, where Fmax is maximum tensometer force6 (of the cycle) and L
is applied normal load7. As the conϐiguration of the Lorica Soft and therefore the interface was ϐlat,
and only two loads were applied, no angles of arc of contact were involved and it was not necessary to
use the gradient of a ‘maximum tensometer force vs applied load’ plot. The mean coefϐicient of static
friction and standard deviation of each set of 10 friction cycleswere calculated for each nonwoven-load
combination and these values are presented in table 3.4. Nonwoven SF3 had the highest coefϐicients of
static friction, but also exhibited the greatest variance under 8.1N (as well as SF12). Most nonwovens
had similarmean coefϐicients and standard deviations, further supporting the selection of friction data
presented (in ϐigures 3.7-3.12). The values in the table also show that SF18 consistently had the lowest
coefϐicient of friction, as anticipated. Nevertheless, none of the properties listed in table 3.1 stood out
as important for determining how the nonwovens would behave in friction.
Followingwork carried out by Cottenden [4], it was concluded that the dominantmechanism for fric-
tion between Lorica Soft and nonwoven fabrics was most likely interfacial adhesion and dissipation,
Table 3.4: Mean coefϐicients of static friction for all new nonwovens (SF1–SF18) and standard deviations
Applied load / N Mean coefϐicient of static friction (& standard deviation)SF1 SF2 SF3 SF7 SF9 SF10 SF11
2.6 0.221 0.236 0.275 0.222 0.221 0.227 0.235(0.011) (0.009) (0.008) (0.012) (0.012) (0.009) (0.011)
8.1 0.222 0.239 0.256 0.227 0.234 0.220 0.223(0.005) (0.008) (0.015) (0.008) (0.006) (0.005) (0.009)
SF12 SF14 SF15 SF16 SF17 SF18
2.6 0.223 0.248 0.209 0.224 0.221 0.174(0.010) (0.010) (0.007) (0.009) (0.009) (0.008)
8.1 0.219 0.240 0.216 0.218 0.233 0.169(0.015) (0.010) (0.011) (0.010) (0.009) (0.009)
6That is, the maximum force for one interface, i.e. half of the measured force, as explained in the footnote on page 60.
7This was not corrected for the weight of the slider on the bottom anvil – which can be assumed to be 0.5N at the point of
maximum tensometer force (static friction) – because the relative differences ins for each nonwovenweremore important
than the actual values.
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and that plastic and viscoelastic dissipation may have had a minor contribution. The components of
curve shapes of force-displacement graphs in this thesis support the suggestion that principal and re-
mainder friction were caused by two components of the adhesionmechanism that was in place during
friction between nonwoven fabrics and a skin surrogate. Cottenden [4] explained that a combination
of smooth and rough contacts at the interface with LS, due to variation in the nonwovens, was a likely
source of the different scales of curve-shape variation. It was also proposed that wearing-in was evi-
dence of initial plastic dissipation, which was further supported by the results of experiments – on 13
different nonwovens – reported in this thesis. Nomeasurements weremade here to compare different
tensometer crosshead speeds, hence no comment can be made regarding viscoelastic dissipation as a
mechanism for nonwoven-skin (surrogate) friction.
The key ϐindings of these experiments were:
• Nonwoven SF3 typically had the highest friction forces and SF18 always had the lowest.
• Most nonwovens had similar friction forces when tested against Lorica Soft.
• The shape of force-displacement curves varied between friction cycles (repeats)with no obvious
explanation.
• Friction behaviour could not be directly attributed to any speciϐic properties of the nonwovens
as listed in table 3.1 or 3.3.
For the above reasons, the initial selection of a subset of nonwoven materials for further investiga-
tion was based on differences in coefϐicients of friction and structural properties separately. The aim
was to select a small group of fabrics to represent the entire range of 13. As SF3 and SF18 had the
highest and lowest coefϐicients of friction (with Lorica Soft) respectively, they were selected for more
extensive testing. Nonwovens SF14 and SF17 were chosen for their different properties and DC6 (one
of Cottenden’s fabrics) was included to facilitate comparison between data sets from different experi-
ments. Before a ϐinal decision could bemade, it was necessary to investigate the friction between all 13
nonwovens and human skin in vivo, but only with a limited set of measurements based on the results
from experiments with Lorica Soft. This will be discussed in more detail in chapter 4.
3.3 Skin surrogate in a curved conϔiguration
While Lorica Soft (LS) has been considered a reasonable surrogate for skin in friction, it is still very
different inmany otherways. It was testedwith an unsuitable (ϐlat) setup formeasurements on human
skin in vivo (see §3.2), although it was attempted for experiments on excised breast skin (see appendix
G). The applied loadswere alsomuch too large for direct testing on a living volunteer. For these reasons,
the effect of making friction measurements with LS in a curved conϐiguration was investigated. Upon
studying friction between volar forearm skin and nonwoven fabrics, the coefϐicient of friction were
extracted from the data, based on a model which uses equation 2.7 and makes various assumptions:
• the arm has a ϐixed position and does not move;
• the nonwoven fabric has a very low density;
• the arm is a uniformly convex prism, (comparable to a cylinder);
• the nonwoven strip has a low bending stiffness, but is an incompressible material8 (and is es-
sentially two-dimensional) with no lateral deformation;
8with a Poisson’s ratio of 0.5
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• forces are only applied at the ends of the nonwoven strip and on the arm at the edges of contact
with the nonwoven9;
• Amontons’ law holds for this setup.
It should be noted that most of these assumptions obviously do not apply to nonwoven fabrics or
the volar forearm, although the mathematical model has been shown to hold for other physical mod-
els. This section describes work to test some of those assumptions in that measurements on LS on
a cylindrical surface should produce coefϐicient of friction values in agreement with those on the ϐlat.
Usingmathematical modelling, Cottenden demonstrated that the geometrical conϐigurationmade very
little difference to coefϐicient of friction for real skin [103]. Nevertheless, a change in geometry on a
macroscale may cause a signiϐicant alteration in surface topography on a microscale. This possible
change in surface properties of the skin surrogate may ultimately affect the friction forces measured.
Additionally, the nonwoven fabric was pulled against a strip of curved LS attached directly to the ten-
someter, rather than a small square sample attached to an anvil. The change in fabric form and the
accompanying loss of uniformity in pressure at the interface were considered potential causes for any
differences observed in experimental data. For this brief investigation, only nonwovens from the sub-
set (SF3, SF14, SF17, SF18 and DC6) were of interest.
3.3.1 Materials and methods
A solid cylindrical model of the forearmwas created by ϐilling a 160mm (long) section of plastic piping
(ø70mm, typically used for plumbing) with Plaster of Paris. An 80mm 215mm piece of LS was then
wrapped around the central portion of the cylinder and attached using a spray-on adhesive [Display
Mount PermanentAdhesive, 3MUnitedKingdomPLC, 3MCentre, BerksRG128HT]. The gluewas left to
set for at least 24 hours before frictionmeasurements began. Initially, 25 friction cycleswere runwith a
strip of SF3 under 50g to wear-in the new piece of LS. Thenmeasurements weremade between all ϐive
nonwovens in the subset and LS on the cylinder, using the same settings applied duringmeasurements
against volar forearm skin in chapter 4 (10g, 20g, 30g, 50g and 70g dead weights; 50mm displacement
at 2:5mm  s-1 for 2 cycles per load) – see ϐigure 3.13. The decision to use these particular settings
followed the development of the methodology for the “dry friction” part of the study, as described in
chapter 4. It enabled direct comparison of these data with skin friction data. Measurements were also
performed in an environmentally controlled room and one camera was set up to record the angle of
arc of contact.
9although it is accepted that the distribution of load across this contact is non-uniform
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Figure 3.13: Experimental setup for friction measurements between the cylinder covered in Lorica Soft and a
strip of nonwoven fabric
3.3.2 Results and conclusions
The force-displacement curves from these measurements had similar shapes to those from measure-
ments made in the ϐlat conϐiguration. The only notable difference in curve shape was that these curves
(for LS in a curved conϐiguration) were all relatively ϐlat compared with the common shallow S-shape
observed with ϐlat LS – see ϐigure 3.14. For measurements against the curved surface, the tensometer
forces were lower than those under 8.1N, but usually similar to those for ϐlat LS under 2.6N despite
the fact that the actual applied normal loads (dead weights) were lower and the pressure distribution
was not uniform across the curved surface. The coefϐicients of static friction were also higher for all
nonwovens tested in the curved conϐiguration (see ϐigures 3.15 and 3.16) , which is further demon-
strated by the fact that all data points were above the line of equality in ϐigure 3.16. This may have
been caused by an additional force (possibly about 5-20%) required to bend the strip of nonwoven
around the cylinder, allowing full nominal contact between the fabric and skin surrogate, or perhaps
the fact that the interface was a larger area. However, the high coefϐicients of correlation and the fact
that the extrapolated linear regression lines passed almost exactly through the origin of the graph in
ϐigure 3.15, suggested that Amontons’ law held for this frictional interaction.
Alternatively, the differences in coefϐicient of friction may have been a result of a change in topogra-
phy of the Lorica Soft, withmoremicro-projections exposed on the convex surface. Another possibility
is that Amontons’ Law only held for the lower range of applied loads used and that the linearly propor-
tional relationship was lost beyond a certain load. Unfortunately, these theories were mostly specula-
tive due to a lack of supporting evidence at this stage. Timewas a limiting factor that prevented further
investigation of some of these potential explanations, but it was anticipated that measurements on hu-
man skin in vivo would help to clarify which were more likely correct. Regardless, the fact that there
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Figure 3.14: Force-displacement curves for SF14 against Lorica Soft wrapped around a cylinder
Figure 3.15: Relationship betweenmaximum tensometer force and applied load for all nonwovens against Lor-
ica Soft wrapped around a cylinder
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Figure3.16: Relationship between coefϐicient of static friction for LSwrapped arounda cylinder and ϐlat LS; each
pair of red and green points is for a different nonwoven (SF3, SF14, SF17, SF18); black line is line of equality
was good agreement between coefϐicient of static friction in the ϐlat and curved conϐigurations of LS
meant that the data collected in this chapter appropriately represented friction between nonwoven
fabrics and the skin surrogate. Therefore, the relative observed differences between nonwovens in
friction were true for LS and most likely real human skin.
As the bulk of the methodology described in §3.3.1 was the same as that used on participants in the
“dry friction” part of the volar forearm skin friction study, it will be possible to eventually make direct
comparisons between data collected from Lorica Soft and human skin. In addition to the previously
mentioned advantages of making friction measurements on human skin, the impact of underlying tis-
sue can also be analysed, as the Lorica Soft in this experiment was wrapped around a rigid cylinder.
The experiments described in this section only enabled negligible deformation of the skin surrogate
(in terms of compression/indentation and shear), whereas measurements on skin will likely divulge
an entire range of skin behaviours due to the variable composition of underlying tissue, as much as the
bulk viscoelastic properties of the skin itself. All of these factors and more are discussed in chapter 4.
CčĆĕęĊė 4
FėĎĈęĎĔē ĒĊĆĘĚėĊĒĊēęĘ Ĕē ĉėĞ ěĔđĆė ċĔėĊĆėĒ
“Conϔía en el tiempo, que suele dar dulces salidas amuchasamargasdiϔicultades. (Trust
in time, as it usually gives sweet solutions to many bitter problems.)”
—Miguel de Cervantes Saavedra, 1547–1616
VĊėĞ đĎęęđĊ ċĔĈĚĘ has been placed on friction between human skin in vivo and fabrics comparedwith that between skin and other surfaces. Even lesswork has been carried out on the interaction
between nonwoven fabrics and skin [136]. The primary aim of the work described in this chapter was
to validate the ϐindings of the friction work done so far on the skin surrogate (Lorica Soft) with in vivo
measurements on volar forearm skin. The particular ϐindings of interest were that: Amontons’ Law
held (perhaps within a given force range) – friction force was proportional to applied normal load and
did not vary with contact area; tensometer crosshead speed had an insigniϐicant effect on coefϐicient
of friction; and adhesionmay have been the principal mechanism operating. The effects of participant
age and other factors were also investigated.
Measurements of friction force between nonwoven fabrics and volar forearm skin (in wet and dry
conditions) on people of different ages and ethnicities were carried out, using the experimental setup
displayed in ϐigure 4.1, to compare a range of nonwoven fabrics and applied loads. It was anticipated
that the data would indicate whether or not subject age has a signiϐicant effect on friction forces. The
study followed work done previously by Wong [3] in a study on volar forearm - nonwoven fabric fric-
tion, in which she made measurements on young women only. She compared dry and fully overhy-
drated skin, without considering the effects of excess saline on the surface of the skin or different lev-
els of skin hydration, nor the impact of wetting the fabric. The methods for obtaining the data in this
study (in dry conditions only) are described in §4.3.2. Experiments relating to these objectives must
give an indication of the extent towhich themechanisms and rules identiϐied are common to all people.
Consequently, the individuals who participated varied in age and ethnicity – though not in gender, as
the requirement for relatively glabrous (hairless) skin typically attracted female volunteers – so that
any important features that were identiϐied could be established as likely universal, or not.
This chapter describes all procedures andmethods thatwere employed in the execution of thiswork,
including the identiϐication of subjects, obtaining consent, the recruitment of participants (§4.3.1), and
the experimental methodologies for making measurements on volar forearm skin (§4.3.2). Before go-
ing on to describe these experiments in any detail, it is important to mention that the volar forearm
study (as described in all of the following sections except §4.1.1.1) was carried out with another PhD
student/investigator, Vasileios Asimakopoulos. The development and execution of the methodology
for friction measurements in dry conditions were achieved with a joint effort, while data processed
thereafter was carried out individually according to different research interests.
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Figure 4.1: The experimental setup for friction measurements between volar forearm skin and a nonwoven
fabric
4.1 Materials and method development
The tensometer and nonwoven fabrics SF3, SF14, SF17, SF18 and DC6, as described in §3.2.1, were
implemented in the friction experiments on volar forearm skin using the conϐiguration depicted in
ϐigure 4.1. These ϐive nonwovenswere selected, froma larger set, based onpreliminarywork described
in §3.2 and §4.1.1.1. The experimental methodology presented in this chapter was initially based on
work by Wong [3] on volar forearm skin and was adapted to address the aims set out in §2.7.3.
4.1.1 Selection of nonwoven fabrics and other variables
Before any measurements could be made on study participants, a methodology was developed and
ethics approval was obtained. The aim of the method development was to determine a suitable set
of variables to fairly compare a group of nonwoven fabrics based on friction data and observations of
their interaction with human skin. All preliminary experiments were carried out with volunteer SF00
– see table 4.2 for more information.
4.1.1.1 Methodology
Friction was measured between strips of nonwovens SF1–SF18 (13 in total – see summary table 3.1)
and volar forearm skin at a single crosshead speed (2:5mm  s-1) and under three loads – 0.30N (30g),
0.48N (50g) and 0.99N (101g) – for three cycles per load. Loads were applied in a random order – not
the same for each nonwoven – and a table to show order of load application can be found in table
C.1 of appendix C. Prior to this, some preliminary testing was carried out on SF1 in order to select an
appropriate crosshead speed, applied loads and number of repeats necessary to ensure that friction
data obtained – within the available measurement session time – was accurate; hence the use of the
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aforementioned variables. The nonwoven fabric strip1 dimensions were originally 580mm  30mm
in order to ensure good clearance between the forearm and the weight attached to the vertical end of
the coverstock. This was later changed to a length of 450mm, in line with that used by Wong [3].
The selection of experimental variables was based on results from the preliminary testing, and is
therefore explained in the corresponding results section (§4.1.1.2). Nonwovens were tested in the
same order as they are listed in table 3.1, followed by repeats again on SF2 then SF1 at the end. The
repeats served to reveal any changes that may have taken place in the skin over the duration of the
measurements: if the second set of data on SF1 and SF2 were signiϐicantly different to the ϐirst set,
this would suggest that changes had occurred within the skin; if not, variation in data between non-
wovens could be attributed to actual differences in the individual coverstock test pieces. The loads
applied during the measurements between Lorica Soft and SF1–SF18 (see §3.2.1) were not used here
because they were too high (2.6N and 8.1N) for measurements between the volar forearm – without
causing discomfort to the participant – and the nonwoven fabric – without rupturing or permanently
deforming the nonwoven before the experiment was complete.
4.1.1.2 Results and conclusions
Below are the results of the preliminary tests during which the experimental variables were chosen
(ϐigures 4.2 & 4.4-4.6). The reason for comparing the three crosshead speeds relates to earlier work.
Speeds of 0:5mm  s-1 and 1:5mm  s-1 had previously been used in experiments with Lorica Soft,
including that described in §3.2.1, and 2:5mm  s-1 was the speed used by Wong in a similar study to
this one. It was important to test the effect of crosshead speed on friction because measurements may
change due to the viscoelastic properties of skin, whichwouldmean that the speed usedwould have to
be the sameas that for Lorica Soft. However, using the highest speedwould enablemoremeasurements
to be made within a given time period, and data would be more comparable to that collected byWong.
As can be seen in ϐigure 4.2, there was little change in friction force between the volar forearm and
SF1 with crosshead speed, other than the slight decrease (<10% for both static friction and dynamic
friction) with increasing speed from 0:5mm  s-1 to 2:5mm  s-1. Overall, the crosshead speed had
very little effect on coefϐicient of friction, so the highest speed was chosen for future use, for the rea-
sons previously explained. Increasing applied load led to an increase in measured friction force, as
expected, and had an insigniϐicant effect on coefϐicient of friction. The highest load used (0.99N or
101.0g) substantially deformed the arm and several of the fabrics, as demonstrated in ϐigures 4.3a,
4.3b and 4.3e. Deformation to the fabric was often extreme and usually took some time to reverse
when the load was removed. Furthermore, some discomfort was experienced with some nonwovens,
particularly SF17. For these reasons, themaximum loadwas reduced and the 0.99N loadwas excluded
after further testing conϐirmed that this was an inappropriate upper limit.
The change in tensometer force over three cycles was very small for all nonwovens – typically <5%
– so it was clearly unnecessary to have this many repeats for each applied load and nonwoven. The
biggest difference in force was observed between the ϐirst two cycles at 0:5mm  s-1. Nothing was
different experimentally during the ϐirst cycle, but it may be that the fabric adjusted to the setup – a
sort of brief wearing-in. For the most part, one cycle per load would sufϐice, provided no errors were
made during an experiment, however, it would not be sensible to rely on only one reading. As a result,
it was decided that two cycles should be run per applied load-nonwoven combination and the second
cycle used for calculations of coefϐicient of friction. Between this conclusion and the reduction of the
1Each strip was cut so that its length was parallel to its machine direction – the direction in which it was manufactured.
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Figure 4.2: Comparison of friction between nonwoven SF1 and volar forearm skin under 0.48N at three
crosshead speeds, for three cycles each
nonwovens to be tested, it was decided that the number of applied loads (or dead weights) could be
increased to ϐive: 0.10N (10g), 0.20N (20g), 0.30N (30g), 0.48N (50g) and 0.69N (70g).
The following set of graphs (ϐigures 4.4-4.6) serve to compare the behaviour of nonwovens SF1–SF18
against volar forearm skin under different loads. Where the ϐirst “linear” phase is displayed on the
force-displacement graphs, there was no slippage between the skin and nonwoven fabric. The peak
in force, eventually reached after approximately 5mm displacement (as measured by the tensometer),
represents the static friction force. The small peaks and troughs that follow in the plateauwere present
in all nonwoven curves, but varied in amplitude. Due to the variation in size, it was assumed that
they could be attributed mostly to skin-nonwoven interaction rather than noise from the tensometer
because quantisation of the force measurement by the equipment was proportional to the force limit
set. It also suggests that they did not relate to the surface proϐile of the volar forearm. In that situation,
one would anticipate some consistency in the dimensions.
Figure 4.4 compares the friction-displacement curves of all nonwovens tested under a load of 0.30N.
SF17 had the highest friction force, while SF18 had the lowest. This was the case for all loads (see
ϐigures 4.5 and 4.6), with some variation in ranking of other nonwovens in the middle force range. In
all three force-displacement graphs, SF2 had the longest initial “linear” phase before reaching static/
maximum tensometer force, closely followedby SF17,which also had the highestmaximum force. Non-
woven SF2 was the ϐirst fabric in a set of 12 to be tested in one day; it may be that the changes in
the skin were responsible for the differences observed between SF2 and other nonwovens, which was
emphasised at the highest load (see ϐigure 4.6). During each measurement, rucking of the skin was
observed to the sides and ahead of the nonwoven fabric contact with the volar forearm, and was felt
underneath the nonwoven (see ϐigure 4.3d). However, the degree of rucking between or adjacent to
the nonwoven-skin interface appeared not to have a signiϐicant effect on coefϐicient of friction, suggest-
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(a) Front view of (left) volar forearm exhibit-
ing concave indentation at top of forearm
(b) Front viewof (left) volar forearmexhibit-
ing “cliff edge” indentation at top of forearm
(c) Side view of (left) volar forearm exhibiting
rucking at edge of contact between forearm and
nonwoven strip
(d) Side view of (left) volar forearm exhibiting
rucking at interface and edge of contact between
forearm and nonwoven strip
(e) Plan view; “necking” or narrowing of
nonwoven strip between edge of contact
with (left) forearm skin and tensometer
grips
Figure 4.3: Various examples of deformation observed in volar forearm and nonwoven fabric during friction
measurements
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Figure 4.4: Friction force vs displacement for all nonwovens under an applied load of 0.30N (cycle 2 only) with
a chosen crosshead speed of 2:5mm  s-1
Figure 4.5: Friction force vs displacement for all nonwovens under an applied load of 0.48N (cycle 2 only) with
a chosen crosshead speed of 2:5mm  s-1
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Figure 4.6: Friction force vs displacement for all nonwovens under an applied load of 0.99N (cycle 2 only) with
a chosen crosshead speed of 2:5mm  s-1
ing that – conveniently – corrections did not need to be made for older (or more ϐlaccid) skin friction
calculations.
The lack of a signiϐicant difference in theoverall graph shape emphasised the consistencyofmeasure-
ments made on the volar forearm and supported the use of one representative coefϐicient of friction
per nonwoven for comparison. For that reason, the coefϐicients of static friction have been calculated –
using the mathematical model developed by Cottenden [152] (see equation 2.7 on page 46) – and are
displayed in table 4.12. In the case of these coefϐicients, the angle of arc of contact was taken as 90o (2
radians) for convenience, and the section of nonwoven connected to the weight was considered to be
perpendicular to the direction of travel. However, it was also considered that the angle of arc of contact
may change by a few degrees toward the end of the experiment – particularly at the highest applied
load – or due to varying participant arm size. In order to assess the potential error that may arise from
the assumption that the angle was 90o throughout, some calculations were carried out for an angle
difference of 10o. Figure 4.7 displays the result of angle change on percentage error for one applied
load; the graphs for the other (higher) normal forces were almost identical, both in shape and magni-
tude. Depending on the difference between the true angle of arc of contact and 90o, and whether this
difference was caused by an arm that reduced or increased the angle, the error could reach 10-15%. It
was therefore decided that a correction to the tensometer force should be applied when the angle of
arc of contact was more than 5o different from 90o.
2Coefϐicient of static friction was calculated from the gradients of graphs of maximum tensometer force against applied
load, rather than individual (Fmax=mg) values. Therefore, the ‘gradient error’ has also been included: these are standard
deviation values calculated for the corresponding aforementioned gradients. There were three data points (from repeat
frictionmeasurements), for each applied load for all nonwovens, and one linear regression line for each nonwoven fabric. R2
values were never lower than 0.99 for all data presented in the table.
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Table 4.1: Coefϐicients of static friction for 13 nonwoven fabrics; highest value in red and lowest value in blue
Nonwoven Coefϐicient of static friction (& gradient error)
SF1 0.40 (0.04)
SF2 0.42 (0.03)
SF3 0.44 (0.04)
SF7 0.42 (0.03)
SF9 0.44 (0.01)
SF10 0.39 (0.04)
SF11 0.45 (0.02)
SF12 0.43 (0.02)
SF14 0.42 (0.02)
SF15 0.41 (0.06)
SF16 0.40 (0.06)
SF17 0.46 (0.02)
SF18 0.29 (0.03)
Figure 4.7: Effect of angle of arc of contact (see ϐigure 2.20b) on percentage error in coefϐicient of static friction
when the angle is assumed to be 90o; each curve is for a hypothetical gradient from a ‘maximum tensometer
force vs applied load’ graph, representing effect on error in addition to angle; 1 = gradient of 1.5, 2 = gradient of
2, 3 = gradient of 2.5
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At this point, any association of coefϐicient of frictionwithmanufacturing processes ormaterial prop-
erties would have been purely speculative; it is for that reason that no such correlation between the
two has been made. In conclusion, nonwovens SF17 and SF18 were selected for more extensive test-
ing, on a larger set of participants, due to their consistently high and low friction forces respectively.
Fabrics SF3 and SF14 were also chosen to ensure a wide range of structural properties were covered.
Cottenden’s NW6 was also added to the subset of fabrics as a reference for comparison (as mentioned
in §3.2.3), but is referred to, in this thesis, as DC6 for clarity.
4.2 The effect of inter-strip area density variation on friction
Due to the natural lack of uniformity of nonwoven fabrics, in terms of area density or distribution of
ϐibres, it was considered appropriate to investigate the potential impact of this variation on measured
friction. It was important to determine the implication of assuming that varying area density had little
or no effect on friction forcebefore commencingmeasurements on participants. Investigating the effect
of inter-strip variation also helped to determine whether there was need to use more than one strip
of the same fabric to get a reliable set of data. It was anticipated that the results would highlight any
dependency of friction force on area density, thus suggesting reason for variation between nonwovens
or sample of the same material, or indicating that there is no relationship between the two.
4.2.1 Methodology
For most of the nonwovens of interest, it was difϐicult to identify a length that would be in contact with
the skin for the duration of the cycle. Nonwoven SF17, however, was the most variable, so sections
of strips were selected for comparison, as shown in ϐigures 4.8 and 4.9. They were chosen according
to visible differences in area density – a “middle section”, 140mm in length, was marked out ϐirst (see
ϐigure 4.8). SF17(3) had the highest density (21:4 g m-2), followed by SF17(2) (18:1 g m-2), and
SF17(1) had the lowest (12:6 g m-2). Frictionmeasurementsweremade between each of these strips
of SF17 and the volar forearm skin of SF00, under dead weights of 30g, 10g and 50g – in that order –
at 2:5mm  s-1 for ϐive cycles per load. The ϐirst set of measurements (SF17(2), 30g) were repeated at
the end to check for changes in the skin over the experimental period and TEWL was measured at the
start and end of the experiment.
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Figure 4.8: Diagram to show how strips were marked – middle 90mm initially in contact with skin, and af-
ter 50mm displacement, total length of contacting nonwoven is 140mm; black dimensions show actual marked
lengths
Figure 4.9: Middle (140mm) section of strips of SF17 used for friction measurements; (1) “low” density
(12:6 g m-2), (2) “medium” density (18:1 g m-2), (3) “high” density (21:4 g m-2)
Friction measurements on dry volar forearm 84
4.2.2 Results and conclusions
Below is a force-displacement graph (ϐigure 4.10) for all three strips of nonwoven. It is clear that vari-
ation in area density – on this scale – had no signiϐicant effect on tensometer force. It may be that the
ϐibres rearranged themselves in order to distribute the load and maintain the same pressure, i.e. a
greater proportion of ϐibres were in contact at a lower density. In addition to the variation in area den-
sity of themiddle sections of these three strips of nonwoven, therewas local variationwithin themiddle
sections. If such non-uniformity could be detected during friction measurements, not only would this
have shown in the coefϐicient of friction values for each strip, but measured tensometer force would
have varied with displacement; this was not the case.
Figure 4.11 shows the effect of applied load on tensometer force for each nonwoven. The slight
decrease in gradient (and therefore coefϐicient of friction – 0.49, 0.48, 0.47) could be attributed to “pol-
ishing” of the skin, rather than sample area density. This assumption is supported by the very slight de-
crease in “friction” force observed when the samemeasurements were repeated on SF17(2) at the end
of the experiment. It implies that coefϐicient of friction does not depend on the nominal contact area
(Amontons’ law holds for skin-nonwoven friction in these circumstances), and is partially supported
by a study by Comaish and Bottoms [105], which showed that coefϐicient of friction did not change
with contact area for wool, although it did for polyethylene. While the data from this short experiment
showed that area density of nonwoven strips is not a factor for concern in the friction study, further
investigation by microscopy was required. The method and its outcome are described in chapter 6.
Figure 4.10: Cycle 5 of all three nonwovens under 30g
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Figure 4.11: Tensometer (“friction”) force against applied load for all three strips of SF17
4.3 Volar forearm study
Having determined the appropriate variables for further experiments with the subset of nonwoven
fabrics, the research study on frictionwith volar forearm skin in vivo began. The volar forearm is a good
proxy for skin of the diaper region and is a fairly ϐlat and hairless part of the body and is easily accessed
for takingmeasurements. Thismade itwell suited to these experiments: in this exploratorywork itwas
more important that the skinwas uniform and simple than that it was from the diaper area. The overall
aimsof the studywere to compare friction forces for all ϐivenonwovens against a rangeof skin types and
to observe the effects of age, skin compliance andhydration on friction force and skin behaviour. As this
chapter focuses on friction on normal (“dry”) volar forearm skin, only the experimental procedures for
thesemeasurements are describedhere. Subsequentworkon skin-nonwoven friction inwet conditions
will be reported in chapter 5. Before any work on volunteers could begin, approval from a Research
Ethics Committee (London Stanmore REC) was obtained.
4.3.1 Ethical considerations, identiϔication of subjects and consent
Itwas required that all participantswere at least 18years of age, self-consenting andhad relatively little
hair on their volar forearms. The participants must not have had an active skin condition that made
the surface of their skin rougher than it would normally be (e.g. eczema, psoriasis), or have a known
allergy to nonwoven fabrics. Volunteers were sought from outpatients of the Incontinence Clinic of
Whittington Health NHS, residents of Cheverton Lodge Care Home, and UCL students and staff. Full
versions of the protocol, information sheets, consent forms, GP letter and advertisement material can
be found in appendix B.
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The video cameras used to record the strip of nonwoven fabric being pulled across the participant’s
forearm only recorded the forearm and so the participant was not identiϐiable from images. Experi-
mental data taken from each participant was stored on university computers and a laptop, but were
labelled with alphanumeric codes in order to anonymise the sources. Personal details (such as name,
address and phone number) were stored on a password-secure university computer, accessible only
to the investigators and chief investigator.
Identiϐication and initial contact with prospective incontinence clinic participants was made by the
clinic staff, who distributed copies of the participant information sheet (PIS; see appendix B). Those
interested then spoke to an investigator who explained the study further and answered any questions
they had. Patients who still wished to participate, after at least 24 hours’ consideration, contacted the
investigators to arrange a session. The consent form was signed on the (ϐirst) day of participation, be-
fore beginning the experiment. This same process applied to residents of the nursing home, except that
the general manager identiϐied and made the initial contact with potential participants. All students
and staff were invited to participate by poster adverts and received PIS on request (see appendix B).
Those interested in participating contacted the investigators formore information and/or to arrange a
measurement session. Theywere also required to sign consent forms in the sameway as other partici-
pants. Recruitment continued until sufϐicient datawere gathered; the expected number of participants
needed was about 20, not to exceed 30. The participants were split equally into two groups (18-64 yrs
and 65+ yrs) to compare “young” and “old” skin.
4.3.2 Methodology
Nineteen volunteers were recruited to take part in this study (all but SF00); details of potential scien-
tiϐic importance can be found in the summary table (4.2).
For most participants, measurements took place in an environmentally (temperature and humidity)
controlled room (ECR) in the Department of Medical Physics and Bioengineering, UCL Archway Cam-
pus. Frictionmeasurements on the skin of nursing home residents took place in the home itself: it was
not essential for the dry skin friction measurements to be taken in the ECR, so measurements made at
the nursing homes were not expected to be affected signiϐicantly by the lack of environment control.
However, in order to have better control of the temperature and humidity, to reduce the chance of
variation in skin hydration (i.e. for convenience of data analysis), and to more easily monitor environ-
mental change, measurements were made in the department for all other participants.
A hygrometer and a thermometer were set up in the testing room in the nursing home to record
changes in temperature and humidity, from approximately 20 hours before measurements began, to
the end of the last day of measurements made there. Fortuitously, the conditions in the testing room
(23:3oC-25:5oC44-50%relative humidity)were very similar to those in theECR (23:02oC; 50:0
4% RH). For all participants, photographs of their volar forearm skin were taken at the beginning and
end of the measurement session, both to keep a record of the appearance of the testing site, and to
ensure that there was no visible change/damage to their skin. All measurements were made on the
left forearm, with the exception of six participants, identiϐied in table 4.2, for whom it was not practical
to use that arm (e.g. those who had suffered a stroke).
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Table 4.2: Participant details
Subject
code Gender
Age in
years3 Ethnicity
Arm
used Physical description of skin
SF00 Female 24 Mixed other Left Smooth skin; slim arm but not bony; very low compli-
ance of skin.
AD02 Female 56 White European Left Smooth skin; low compliance.
MM03 Female 50 White European Left Smooth, relatively large volar forearm; very low com-
pliance of skin.
MS04 Female 27 White European Left Smooth skin; slim arm; very low compliance.
RJ05 Female 60 White European Left Slim arm; slightly wrinkled skin with low compliance.
SF06 Female 80 White European Left Smooth skin with few wrinkles and relatively compli-
ant; slim arm but not bony.
HJ07 Female 71 White European Right Very wrinkly, very slim, bony arm (virtually no under-
lying tissue); very compliant skin.
MD08 Female 93 White European Right Slightly wrinkly, large arm (lots of underlying tissue);
very compliant (indentation, not rucking).
JJ09 Female 79 White European Right Verywrinkly, slim armwith lots of veiny prominences;
very hairy back of forearm; very compliant.
DJ10 Female 90 White European Right Very wrinkly skin with some sagging; large arms; very
compliant skin.
AB11 Female 95 White European Right Large arm; wrinkly skin; compliant (indentationmore
than rucking).
MG12 Female 76 White European Left Slightly wrinkly skin; low compliance.
KG13 Female 30 Asian Left Smooth skin; slim arm; very low compliance.
MT14 Female 88 White European Right Slightly wrinkly skin; low compliance.
DA15 Female 73 White European Left Slightly wrinkly, large arm; compliant (indentation
more than rucking).
LC16 Female 27 Black British Left Smooth skin; slim arm; very low compliance.
MH17 Female 84 White European Left Relatively wrinkled and very compliant skin; slim arm
with some bony and veiny prominences.
CB18 Female 44 Black African Left Smooth skin; large arm; low compliance.
DF19 Female 21 Mixed Other Left Smooth skin; slim arm but not bony; very low compli-
ance of skin.
AK20 Female 20 Asian Left Smooth skin with very low compliance.
The procedure for making measurements was as follows:
1. Begin the 30-minute acclimatisation period with the participant’s forearm exposed to the envi-
ronment.
2. Meanwhile, position the forearm in the armrest and ensure that the strip of nonwoven fabric is
set up in the tensometer grips as demonstrated in ϐigure 4.12.
3. Mark the testing site by drawing a straight line (a ballpoint pen with washable ink) or attaching
one strip of surgical tape [3MMicropore Surgical Tape, 50mm5m, 3MPoland Sp. z o.o., 05-830
Nadarzyn, Poland] to the skin on each side of the nonwoven.
4. Remove the strip from the arm, and at the end of the acclimatisation period, measure the water
vapour ϐlux density (WVFD) using the DermaLab evaporimeter [Cortex Technology, Denmark]
continuously for 2 minutes.
3at time of participation
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5. Measure friction between the ϐirst nonwoven and the skin for two cycles per applied load, start-
ing with the 10g dead weight (then 20g, 30g, 50g, 70g); use the tensometer settings displayed in
ϐigure 4.13 and record measurements for all ϐive loads using the three video cameras [two Pana-
sonic HC-V100 Full HD Digital Camcorder, Panasonic Corporation of North America, Secaucus,
NJ 07094; one Sony Handycam DCR-SR52E, Sony Corporation, Tokyo, Japan] as set up in ϐigure
4.14.
6. Repeat step 5 for the remaining four nonwoven fabrics.
7. Repeat step 4.
As shown in ϐigure 4.14, camera 3was used to record the angle of arc of contact between the nonwo-
ven fabric and volar forearm. Camera 1 was used to monitor the behaviour of the skin and nonwoven
on top of the forearm and camera 2 recorded skin-nonwoven interaction at the front. All recordings
fromall cameras contained audio notes on observationsmade thatmay not be clear fromvisual footage
alone.
(a) Plan view; front of forearm must be parallel to
edge of armrest
(b) Front view; top of forearm must be parallel to
tensometer grips
Figure 4.12: Experimental setup for friction measurements – diagram of nonwoven fabric strip on forearm in
armrest; arrows indicate direction of tensometer pull
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Figure 4.13: Settings applied to tensometer for all friction measurements under 10g, 20g and 30g; only “maxi-
mum force” was increased for higher applied loads.
(a) Plan view (b) Front view
Figure 4.14: Camera setup for friction measurements; camera 1 records from plan view, 2 from front view and
3 from side view; arrows indicate direction of tensometer pull
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4.3.3 Results
Raw data were initially presented in the form of force-displacement graphs, before being processed
for more extensive analysis. Various features of these graphs could be attributed to certain events
and skin behaviours. It was necessary to calculate coefϐicients of (static) friction for each participant-
nonwoven combination for a fair comparison of fabrics and to investigate the impact of subject age
and other factors. In this section, examples of these are given, including descriptions of observations
relating to the behaviour of both the skin and nonwoven fabrics.
As displayed in ϐigure 4.15, force displacement curves obtained from themeasurements described in
§4.3.2 resulted in a mostly linear initial increase in force followed by a plateau. The peak force was the
static friction force, which was immediately succeeded by dynamic friction as the fabric moved across
the volar forearm skin. This particular example was typical for participants with very low compliance
(high modulus) in their skin – usually young – but the key features were the same for all subjects. In
most cases, the tensometer force at zero displacement was equal to the applied load. Where this did
not happen, the strip of nonwoven had either been inadvertently put under excess tension between the
tensometer grips and the forearmwhen set up (resulting in an initial force value greater than the dead
weight) or was slack between the tensometer grips and the forearm (resulting in an initial force value
less than the dead weight).
Figure 4.16 shows a graph for a participant experiencing stick-slip at all applied loads. Each peak
and trough corresponded to a separate incidence of static-dynamic friction transition; the difference
between these forces increasedwith increasing applied load. The effect of rucking (folding of the skin)
is demonstrated in ϐigure 4.17 by the low gradient of the initial part of the curve, relative to other
force-displacement graphs, or the long displacement before static friction force is reached. Partici-
pants with high compliance skin and a tendency to ruck did not have the same linear initial stage of
force-displacement curves as those with ϐirm skin (high modulus). In this example, peak force was not
reached until 18mmdisplacement at the highest load. Images of other participants’ arms (see ϐigure
4.18), coinciding with static friction force, demonstrate different extents of rucking, but all resulted in
a similar graph.
It seems likely that all three examples given (ϐigures 4.15-4.17) displayed rucking of the type shown
in ϐigure 4.3c, although there were also a few occasions when ϐigure 4.3d was an accurate represen-
tation of the behaviour observed. During the measurements, a wide range of skin behaviours (defor-
mation) and skin-nonwoven interactions were observed for all participants. As expected, the younger
participants (mostly 50 years or younger) had ϐirm skin with relatively little deformation in the form
of rucking or indentation – in some cases, none of one or both of these were observed. “Torsional dis-
placement” (displacement of the skin relative to the underlying tissue of the forearm) was seen in all
participants to some extent. The skin of the older participants (half of whomwere aged over 80 years)
displayed awider range of behaviours. Some elderly participants had skinwith a considerably wrinkly
appearance, yet had very little deformation, induced either by the weight attached to the end of the
strips of nonwoven, or the friction between the nonwoven and the skin. Others had skin that moved or
deformed with very little applied pressure.
Graphs of maximum tensometer force against applied load were plotted from raw data. Taking the
maximummeasured force from each load, they were then corrected for angle of arc of contact – a deci-
sion made after studying video footage of measurements – because the angle was often 5-10o greater
than 90o. Examples of these corrected plots can be seen in ϐigures 4.19-4.21 (and the full set in ap-
pendix D). They are a representative set, covering the youngest and oldest participants, as well as the
subject with the highest friction forces. All produced linear graphs like these, with small offsets where
the linear regression lines met the y-axis.
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Figure 4.15: Example force-displacement curves for a participant with negligible skin deformation; SF14 under
all (ϐive) applied dead weights with participant MS04
Figure 4.16: Example force-displacement curves for a participant displaying “stick-slip” behaviour; SF17 under
all (ϐive) applied dead weights with participant RJ05
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Figure 4.17: Example force-displacement curves for a participant displaying rucking; SF17 under all (ϐive) ap-
plied dead weights with participant DJ10
(a)ParticipantHJ07 at 17mmdis-
placement
(b) Participant SF06 at 18mm
displacement
(c) Participant MH17 at 24mm
displacement
Figure 4.18: Examples of rucking of volar forearm skin with SF3 under 70g
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Figure 4.19: Youngest participant data (AK20) – maximum tensometer force against applied load for all non-
wovens
Figure4.20: Oldest participant data (AB11) –maximumtensometer force against applied load for all nonwovens
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Figure 4.21: Data from participant (RJ05) with highest tensometer forces – maximum tensometer force against
applied load for all nonwovens
Coefϐicients of static friction (s) have been included in table format, along with a table ranking the
fabrics according tos (see tables 4.3 and 4.4). The data are colour-coded to indicatewhere the offset4
was greater than the error in the offset and therefore likely to be real. Participant RJ05 always had the
highest s with all nonwovens and nonwoven SF18 always had the lowest s with all participants.
The overall ranking of nonwovens from highest to lowest coefϐicient of (static) friction was: SF3, SF17,
DC6, SF14, SF18. On average, SF3 had the highest CoF with most participants, whereas the ranks for
the other nonwovens (apart from SF18) were rather interchangeable.
4The intercept where the linear regression line of friction force - applied load graphs met the y-axis (friction force), i.e.
at zero applied load.
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Table 4.3: Coefϐicients of friction for all partici-
pants and all nonwovens; red values are highest
and blue values are lowest for a given nonwoven
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Table 4.4: Nonwoven fabrics ranked by coefϐi-
cients of friction for all participants; pink values
mean offset > offset error
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4.3.4 Discussion
Friction measurements between volar forearm skin and nonwoven fabrics produced some very inter-
esting – and sometimes surprising – data, all of which will be discussed in this section. Each aspect of
the data – from raw force-displacement curves and observations of skin behaviour, to fully processed
coefϐicients of friction – may reveal something important about skin-nonwoven interaction and con-
tribute to the understanding of friction at this interface. Starting with force-displacement graphs, it
was clear that the starting tensometer force, in some cases, was not equal to the applied load, which
related to the way in which the nonwoven strip was placed on the arm. The occasional and uninten-
tional application of additional tension to nonwoven strips, when applying them to the volar forearm,
may have had some minor implications. In such a situation, the starting tension in the strip would
limit its extension capacity during friction and may have affected the deformation of the skin and the
nonwoven itself. However, it was unlikely to have made a signiϐicant impact on the tensometer forces
overall. On the other hand, placing a slack/loose strip of nonwoven on the volar forearm would have
resulted in an initial force owing only to the extension of the strip. Tensometer force caused by friction
between the fabric and skin would only have taken effect once the strip was taut. Again, the extent of
tautness was too small to have had a signiϐicant overall effect on friction.
As mentioned in chapter 2, Amontons’ ϐirst law of friction stated that friction force and applied load
are directly proportional. Despite such large variations in behaviour, the applied load - “friction” force
relationship was surprisingly linear in every case, with coefϐicients of determination never less than
0.99 for these data (except on one occasion for participant MH17). This, combined with the very small
offsets on the y-axis where the regression lines almost passed through the origin, was evidence that
Amontons’ Lawheld for dry frictionmeasurements, regardless of the viscoelasticity of skin. Theoffsets,
however, did present some uncertainty, so it was important to investigate further. It is already widely
accepted that adhesion is the main mechanism operating during skin-fabric friction. Nevertheless,
should the offsets be real, it may suggest the presence of another mechanism or source of force acting
at the interface in addition to friction.
As is clear from the example graphs in ϐigures 4.19-4.21, the offsets of regression lines, showing the
relationship between friction and applied load, were mostly positive. This initially suggested that the
probability of error in the offsets was relatively low, but the error was calculated (using standard devi-
ation) for each offset to check this quantitatively. It could be assumed that, when offset > offset error,
the offset was likely to be real/signiϐicant. As demonstrated in table 4.4, SF3 and SF14 ‘friction vs load’
graphs had signiϐicant offsets (highlighted bold pink) with all but two participants. For SF18, offsets
appeared to be real in just over half of all cases, compared to just under one third for SF17 and DC6. It
was not immediately obvious why this should be, so various theories were considered. Eventually, the
most likely theory – that the additional force arose from that required to bend the fabric around the
volar forearm for full nominal contact – was explored. Following a set of bending stiffness experiments
performed by Asimakopoulos [154], it was found that there was a clear positive correlation for most
participants between fabric bending stiffness and the offsets of graphs created from the volar forearm
skin friction data. However, this correlation did not necessarily indicate cause – further investigation
was required here (see ‘Physical models’ in §7.3).
In most cases, the skin of each participant behaved according to obvious anatomical features. For
example, torsional displacement was observed in almost every situation, but the movement of skin
relative to the underlying tissue varied; when a volunteer’s skinwasmore ϐlaccid, the displacementwas
typically more. This was often complemented by rucking, which also depended on the compliance or
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elasticity of the skin. The sizes of the foldswere determined by both the type and volume of underlying
tissue. Participants with very little fat or muscle in their forearms often formed smaller rucks than
thosewith lots of fat, possibly because the skin was less restricted by these tissue structures. However,
wrinkles also affected the size of skin folds when they were present; they created creases along which
small rucks could form. Rather predictably, indentation of the forearm was deeper when there was
more underlying soft tissue – most likely fat, rather than muscle.
The particular kind of indentation – concave or “cliff edge” (ϐigures 4.3a and 4.3b respectively) – ap-
peared to depend on the combination of the nonwoven used and the size and shape of participant arm.
For example, DC6 was a relatively robust fabric that was rather resistant to lateral deformation, which,
when in contact with a large armwith soft, compliant tissues, usually led to “cliff edge” indentation. In
all situations, the load applied to the armalso inϐluenced the depth of the indentation, although visually
this change was negligible when there was little underlying tissue, or most of it was muscle, and skin
compliance was limited.
Therewere few instances of stick-slip (10/95 participant-nonwoven combinations), with no obvious
explanation for its occurrence. The scale of the stick-slip varied depending on participant-nonwoven
combinations and sometimes applied load. From all data where this behaviour was observed, it could
be inferred that the phenomenon was the result of an especially large difference between static and
dynamic friction forces. This would mean that dynamic friction occurred very brieϐly until the force
required to maintain the displacement of fabric against skin was too high, and sliding ceased at the
interface – see the troughs in ϐigure 4.16. At this point, displacement continued – but not between the
skin and nonwoven – until the static friction force (peaks on graphs) was reached again. This pattern
repeated itself and rarely dissipated during the measurement period. Derler and Rotaru [69] have
investigated the stick-slip phenomenon (in wet conditions only) and found that its occurrence was
usually linked with lower coefϐicients of friction than those in its absence. The magnitude of stick-slip
also depended on the sliding velocity of skin against the contacting material (glass). Many papers –
including this one by Derler and Rotaru – suggest that stick-slip only transpires when conditions are
wet [69, 77, 92, 109], which contradicts the ϐindings of work described in this chapter. Nevertheless,
the ultimate cause of this behaviour is still unknown, as are its potential implications for skin health.
Examination of the “dry” friction data and videos revealed that there was no obvious relationship
between age and friction forces, age and skin behaviour, or skin behaviour and friction forces. Certain
features of force-displacement curves were attributed to speciϐic skin behaviours, but coefϐicients of
static friction, between each participant and each nonwoven, could not be explained by the condition,
WVFD or general behaviour of a person’s skin.
After calculating the coefϐicients of static friction for all study subjects, these values were plotted
against participant age – see ϐigure 4.22. RJ05 (60 years old) had both the highest coefϐicient of fric-
tionwith all nonwovens and the largest range of coefϐicients, but therewas no correlation between age
ands. Perhaps coincidentally, RJ05 also displayed themost extreme stick-slip behaviour of all partici-
pants. Since the reason for this phenomenon is currently unknown, andmore supporting experimental
data are lacking, it could only be speculated that the magnitude ofs inϐluences or is affected by stick-
slip behaviour.
It could be suggested that since tensometer force was essentially directly proportional to applied
load, and that applied load affected the extent of deformation (i.e. indentation, torsional displacement
and rucking) of the skin, it would be logical for tensometer force to depend (at least partly) on skin de-
formation. As the data obtained appeared to contradict this theory overall, it was necessary to review
the data more closely to check. This was done by comparing the pre-static-friction displacement val-
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Figure 4.22: Relationship between participant age and coefϐicient of static friction
ues, under the 70g dead weight, for all nonwovens and participants.5 These displacement values were
considered to be a suitable representation of skin compliance in the most extreme case (i.e. under the
highest load). Results are displayed in ϐigure 4.23.
It is immediately apparent, looking at ϐigure 4.23, that there was no relationship between coefϐicient
of static friction and the displacement of the skin up to that point. It implies that the extent of deforma-
tion did not affect measured force, although the change in tensometer force during this initial period
was not taken into account. However, the extent of deformation did change slightly with each fabric:
nonwovens SF3 and SF17 were associated with the greatest skin deformation, which demonstrates
that the properties of the nonwoven also played a role in the time taken to reach static friction force.
Based on these observations, there are two possible explanations for the events during dry friction
measurements that led to the creation of ϐigure 4.23 : (i) the extent of deformation (or apparent dis-
placement of the skin before slip) depends largely on the compliance of the skin as a bulk and that of
the underlying tissue; (ii) the increase in friction force depends more on the surface properties of the
stratum corneum and its interaction with the nonwoven fabric.
Taking all into account, a brief analysis of the properties of the nonwovens, in relation to friction
measurements, can now be carried out. The ϐibre materials andmanufacturing processes, in combina-
tion with bonding area and number of points, may be expected to indicate how compliant a nonwoven
fabric is. Highly compliant nonwovens could potentially be more susceptible to changes due to micro-
scopic variations in the topography of the skin. However, with an anticipated extremely low contact
area, this was unlikely to make a difference. Nonwovens SF3 and SF14 were both created from a mesh
5It was not possible to calculate the gradient of the initial slope of the force-displacement curves for all participants due
to the varying linearity.
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Figure 4.23: Relationship between skin deformation before slip and coefϐicient of static friction
of ϐibres; SF14was thermally bonded by calendering but SF3was hydroentangled. It appeared that the
relatively high strength in tension of SF14was due to the fact that it was bonded at a high pressure and
that it had the largest bonding area of all ϐive nonwovens. These properties and the high area density
made it less compliant than other nonwovens.
In SF3, the ϐibres were visibly preferentially aligned with the machine direction of the fabric. The
nonwoven was anisotropic and had a comparatively high unidirectional tensile strength and bending
stiffness, possibly enhanced by the high basis weight (area density). As DC6was bonded thermally and
at a high pressure, it was rather “robust” in nature (low Poisson’s ratio), similar to SF14. This was not
the case for SF17 and SF18 and, considering their low densities, they were the most compliant. It was
evident that there was still very little difference between the offsets of the nonwovens, but that SF14
had the smallest and DC6 had the largest overall. A much smaller proportion of the offsets for DC6 and
SF17 (6 out of 19) were greater than the calculated error, compared to SF18, SF14 and SF3, with 10,
12 and 13 out of 19 offsets respectively. As SF18 has a bending stiffness more similar to SF17 and DC6,
and much lower than SF14 and SF3, this also supports the argument that the offset is independent
of bending stiffness but affected by some other factor – possibly deformation of the skin-nonwoven
interface.
The linear densities of the nonwoven ϐibres did not appear to relate to the friction force at slip, but
may have been a good indication of roughness in terms of sensation, the extremes being SF17 (coarse)
and SF18 (soft/smooth). With the exception of SF18, there was also a direct link between ϐibre di-
ameters and linear density, which may be an important potential measure of predicted comfort. The
presence of surfactants may have contributed to ϐibre roughness on a scale that could not be detected
by the tensometer, but this was not considered crucial to the study and was therefore not investigated.
Due to the minimal bonding information for these ϐive nonwovens, it would have been a challenge to
assess their ability to maintain their integrity, if not for the observations made during measurements.
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4.3.4.1 Lorica Soft compared with dry (normal) volar forearm skin friction data
The ϐirst obvious difference between friction measurements on Lorica Soft and human skin was the
shape of the force-displacement curves. Static friction force was reached almost immediately with the
skin surrogate (both ϐlat and wrapped around a rigid cylinder), whereas there were several millime-
tres displacement (typically > 2mm) before sliding began on skin. This was essentially due to the
compliance of skin and its underlying tissues, which deformed to move in the direction of tensometer
pull with the strip of nonwoven, unlike Lorica Soft (LS). The extent of this pre-slip deformation varied
between participants and depended on applied normal force (dead weight), but did not change appre-
ciably with load on the surrogate. It was clear that the physical (cylindrical) model was very different
to the volar forearm and met the assumptions required by the mathematical model that the the real
arm did not. Nevertheless, both experimental setups showed a linear proportional relationship be-
tween friction force and applied load, and that coefϐicient of static friction did not depend on apparent
contact area, thus demonstrating that Amontons’ law held.
Force-displacement graphs for volar forearm skin were more similar to those produced by curved
LS than ϐlat LS, which suggests that the forearm is better represented by a smooth, rigid cylinder than
a ϐlat undulated surface. However, the relationship between coefϐicient of static friction (s) for ϐlat
and curved LS (as shown in ϐigure 3.16) indicates that ϐlat LS still produces similar values to curved LS.
These coefϐicient of friction values (just under 0.2 to just over 0.3) were generally lower than those for
volar forearm skin in vivo (0.26 to 0.74), but the order of the nonwovens – when ranked according to
s – was the same: SF3 had the highests, SF18 had the lowest and the other nonwovens (SF14, SF17
and DC6) were interchangeable. Hence, for the purposes of identifying relative differences between
nonwovens and selecting a subset for further testing on real skin, Lorica Soft was a suitable choice of
surrogate.
It should also be noted that, on graphs of ‘maximum tensometer force vs applied load’ for Lorica Soft
wrapped around a rigid cylinder, the linear regression lines essentially all go through the origin. The
offsets for the different nonwovens are negligible, unlike some of those for volar forearm data, further
supporting the suggestion that the offset may be dependent on the deformation of the fabric and/or
skin. As expected, the behaviour of the nonwoven strip was inϐluenced by the properties of the inter-
acting surface. Samples of fabric deformed less – in the form of “necking”, lateral folding and extending
along its length – when pulled against Lorica Soft on the cylinder than against volar forearm skin. It is
likely that this difference in deformation of the nonwoven is a consequence of the difference between
both the moduli and surface properties of the skin/stratum corneum and skin surrogate. Similarly, no
stick-slip was observed during friction measurements on LS, possibly due to its low compliance and
the rigid Plaster-of-Paris cylinder to which it was attached.
Although this block of work has given rise to a number of interesting ϐindings, it is by no means an
idealmodel of frictionbetweenperineal skin anda coverstockonan incontinencepad, partly becauseof
the deliberate exclusion of liquid. A more realistic representation of this interaction would involve the
introductionof a urine substitute towet the skin and/ornonwoven fabric, buildingupon the foundation
of data from friction measurements on dry (normal) skin. This constitutes the next block of work and
the second part of the study, which will be described in chapter 5.
CčĆĕęĊė 5
FėĎĈęĎĔē ĒĊĆĘĚėĊĒĊēęĘ Ĕē ĜĊę ěĔđĆė ċĔėĊĆėĒ
“Life isn’t all about swimming—it’s about fresh air and family and happiness!”
— Jason Falloon, 1998–
This chapter has been removed due to its commercially sensitive content. It will be made available
in the full version of this thesis, which will be published at a later date.
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CčĆĕęĊė 6
FĎćėĊ ċĔĔęĕėĎēęĘ Ĕċ ēĔēĜĔěĊēĘ ĆČĆĎēĘę Ć
ĘĚćĘęėĆęĊ
“We have found a strange footprint on the shores of the unknown.”
—Arthur Eddington, 1882–1944
TčĊ ĒĊĆĘĚėĊĒĊēę Ĕċ ċĎćėĊ ĈĔēęĆĈę đĊēČęč between nonwoven fabrics and skin is important forthe analysis of the interface, and should be compared with friction data, in order to help to pro-
vide an explanation for whymost nonwovens yield similar coefϐicients of friction with human skin or a
skin surrogate. Visualisation and quantiϐication of contact at the interface, under a range of pressures,
should providemore insight into the way in which friction between nonwovens and human skin is me-
diated by the interface andpossibly the type ofmechanism(s) operating during such interaction. In this
chapter, work implementing Cottenden’smethod for examining ϐibre footprint [4] is described and dis-
cussed. The principles of this work were explained in §2.5 of the literature review. Various alternative
techniques tomeasure or estimate contact area were also considered, such asmathematical modelling
of quarter-spaces and imaging the interface using optical coherence tomography or micro computed
tomography. None of these were appropriate for examining the skin-nonwoven interface; hence no at-
tempt was made to test them. The only other potential alternative to the existing microscopy method
to be explored was one applying Fourier Transform Infrared (FTIR) Spectroscopy. Based on the the-
ory that a total contact area could be calculated from spectra of a simple material, if calibrated with
the microscopy technique, some preliminary experiments were carried out with FTIR Spectroscopy.
Unfortunately, time was a limiting factor that prevented this exploratory work from continuing any
further. Instead, the microscopy method was used alone to analyse nonwoven ϐibre footprints.
This chapter describes work carried out to study the ϐibre footprints of a subset of nonwoven fabrics
on glass microscope slides (as a surrogate for skin). Real skin or Lorica Soft could not be used because
they are opaque, which would prevent imaging of the interface under the microscope. First, the effect
of pressure on total ϐibre contact length (assumed to be proportional to total contact area) and contact
length distribution were investigated, followed by the impact of the local area density of a nonwoven.
In both experiments, ϐibre contact lengths were measured and analysed under the assumption that
they were representative of and similar to those in actual skin-nonwoven contact. This was based
on some mathematical modelling carried out by Cottenden [141], who demonstrated that there were
negligible differences between the stratum corneum and glass as substrates, due to their high elastic
moduli relative to the applied pressures used in the work presented in this chapter. These pressures
were also low compared to ϐibre stiffness, so the calculated height of bulges in the ϐibres – that form
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at the interface with a substrate when a nonwoven is compressed – was negligible compared to ϐibre
diameter [4]. Betweenbulgeheight and substrate stiffness, itwas clear that no indentationwouldoccur,
whether pressed against human skin or a glass slide, and so ϐibre contact length against glass would be
suitably representative of that against skin.
6.1 Materials & Methods
Cottenden [4]measured the ϐibre contact lengths of areas of samples of three nonwoven fabrics against
glass slides using an optical microscope. It was found that total contact length increased with applied
load; the relationship was linear when the x-axis (pressure) had a logarithmic scale. The plan here was
to repeat thesemeasurementswith a broader range of nonwoven fabrics than Cottenden [4], varying in
manufacturing process, polymer, structure and coefϐicient of friction. During preliminary experiments,
all ϐive nonwovens of the subset selected from the 16 in table 3.1 were examined. After further testing,
in bothmicroscopy and friction, it was decided that only SF17, SF18 andDC6 should undergo extensive
testing using microscopy, as with wet friction measurements. The reasons for this are explained in §??
and §6.1.2.2. In this section, experimental procedures for measuring and analysing ϐibre footprints
are described, starting with a calibration technique necessary for interpreting data about the depth
measurements within the fabrics.
6.1.1 Equipment calibration and ϔibre diameter measurement
The thickness of a microscope slide [Thermo Scientiϐic, Menzel-Gläser, Gerhard Menzel GmbH, Braun-
schweig, Germany] was measured with calipers [M310-25, Mitutoyo, Japan] and then with a micro-
scope camera [DFC 320, LeicaMicrosystems (UK) Ltd, Milton Keynes, UK] connected to themicroscope
[DMLM microscope, Leica Microsystems (UK) Ltd, Milton Keynes, UK]. Without, cleaning the slide, it
was placed on the microscope stage and the image (using the camera with QWin software [QWin, ver-
sion 3.2.0, Leica Microsystems (UK) Ltd]) was focused on one of the surfaces; this was determined by
dust particles visible at the surface. The number of microscope stage depth divisions was set at zero
here. The opposite surface was then also put into focus, counting the number of divisions moved to
achieve this. After repeating the previous step twice more, a mean value of the thickness (/divs) of
the slide was taken; this value, combined with mean thickness (in micrometres) measured with the
calipers, was used to calculate a unit conversion constant (the denominator of the following equation).
[Thickness in μm] = [Total no. of divisions]
[Microscope slide thickness /div]=[Microscope slide thickness= μm]
The diameters of nonwoven fabric ϐibres were then measured, using the microscope setup, in the
sameway as the thickness of the microscope slides. These values were then converted to their equiva-
lent in micrometres, using the aforementioned equation, and are displayed in the ϐirst row of table 6.1.
Althoughmean values of ϐibre diameter were calculated from repeat measurements on the same ϐibre,
the diameters varied for different ϐibres within each nonwoven, hence the measured range of diame-
ters has been included for each. The expected average ϐibre diameter1 is also included in the table (in
the second row).
1The linear densities (given in table 3.1 – see ‘Dtex’ column) and estimated volume densities (based on the constituent
polymers) of the ϐibres were used to calculate expected average ϐibre diameter.
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Table 6.1: Fibre diameters of nonwoven fabrics in the subset
Nonwoven SF3 SF14 SF17 SF18 DC6
Measured range of ϐibre diameters / μm 7-12 10-15 25-30 12-17 15-20
Expected average ϐibre diameter / μm 12.5 15.1 29.6 19.7 22.0
6.1.2 Investigating the effect of applied pressure on ϔibre footprint
6.1.2.1 Micrograph collection
As the initial aim of this investigation was to compare ϐibre footprint data for a range of nonwoven
fabrics, including one used by Cottenden (DC6), themicroscopymethod he designedwas implemented
ϐirst with DC6. The procedure was to be as follows:
1. Carefully clean the microscope slides using ethanol and a soft cloth.
2. Place a 30mm30mm sample of nonwoven fabric between them on the base component of the
apparatus displayed in ϐigure 6.1.
3. Apply pressure by placing weights directly on the top slide (0.5kPa and 1.5kPa) or the top com-
ponent of the apparatus (5kPa and 15kPa) – see ϐigure 6.1.
4. Viewing the upper surface of the sample against the top slide under themicroscope, via the com-
puter screen, put the image in focus and check that the sample is ϐlat and level; if it is not, insert
shims where needed in order to make it level.
5. Ensuring that the image is correctly focused, scan the sampling area (approximately 4:5mm 
4:5mm, true area4316μm4272μm.) automaticallywith theMosaic tool inQWin,which splices
together the 12 small micrographs that make up the larger one.
6. Save the image in TIFF (tagged image ϐile format).
A fresh sample of nonwoven was used for each repeat under each applied pressure. This served to
avoid the collection ofmisleading or spurious data that can occur if the sample is nudgedwhenweights
are added or changed, resulting in inaccurate or non-uniform pressure application. There is also the
issue of permanent deformation of the fabric: if a lower pressure is applied after a high one, the total
ϐibre contact length often remains the same; if increasing pressure is applied, the increase in contact
is gradual. The former might be rectiϐied by removing the sample from the apparatus, repositioning
it and re-applying the weights, but this might be the equivalent of using a new sample of nonwoven,
thus defeating the object of reusing a sample. Also, it would not guarantee that the deformation of non-
woven sample (caused by compression) had been reversed. The latter method would not necessarily
demonstrate the true relationship between pressure and total contact length, especially if the sample
is disturbed during the addition of a load. The ϐinal reason for using a new sample of fabric for each
repeat owes to the impracticality of changing the experimental setup for the different ranges of applied
pressure on one sample (see step 3 of the procedure).
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(a) Side view
(b) Plan view (c) Side view zoom
Figure 6.1: Diagram of equipment used to measure contact length of nonwoven ϐibres against glass
6.1.2.2 Alterations to the method
In preliminary experiments, while experiencing equipment malfunction, there was a change to the im-
age collection process that led to an important discovery. By collecting micrographs manually (i.e.
moving the stage by hand, rather than automatically), the time taken to gather all 12 individual images
per sample was considerably longer and the ϐibres were progressively more out of focus. After further
investigation, it was discovered that two things were happening:
1. ϐibres were moving out of the focal plane, reducing the apparent total contact length;
2. the actual contact length was increasing.
This was because of ϐibre settling (see ϐigure 6.2). The apparent total contact length decreased with
time and at a rate that varied from sample to sample. Depending on the applied pressure, and the
nonwoven fabric, it appeared that no ϐibres were in contact with the top slide after as little as 10 min-
utes after load application. However, the actual contact length of each nonwoven increased for up to
20 minutes, which meant that this was the length of time required for ϐibres to settle in the samples
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(a) Initial contact
(b) Contact after settling
Figure 6.2: Diagram to demonstrate effect of ϐibre settling. Fibres in contact with slide are in focus in 6.2a,
where focal plane is in correct position, but out of focus in 6.2b, where slide and ϐibres move below focal plane.
Apparent ϐibre footprint decreases in 6.2b, but actual footprint increases as nonwoven is compressed. (While this
diagram is not to scale, the effective depth of ϐield in this setup has be shown to vary between 19μm and 24μm
for nonwoven ϐibres with mean diameters of roughly 14-22μm, with the largest diameter apparently exceeding
its respective depth of ϐield [4]. The ϐibre diameters of the nonwovens studied in this chapterwere similar to that
largest diameter, suggesting that they too were larger than their effective depths of ϐield.)
of nonwovens used. As a consequence of this brief investigation, a step was added to the method de-
scribed in §6.1.2.1 to include a period of half an hour2 for ϐibre settling before assessing if the sample
is level and ϐlat, and then collecting micrographs.
6.1.2.3 Image processing
There were several stages required to convert the raw micrographs into an image from which con-
tact lengths of ϐibres could be measured. These involved a combination of manual and computational
methods as computers lack the ability to distinguish between useful information and artefacts on an
image. All of the steps are presented in the form of a ϐlowchart (see ϐigure 6.3) and further details of
the different stages of image processing are given in appendix F.
220 minutes would probably sufϐice, but 30 mins ensured that ϐibre settling had ceased.
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.
Raw images are enhanced using a code written in MATLAB [version 2012b, The Math-
works, Inc., Cambridge, UK] (see ϐigure 6.4) by Cottenden [4], which results in an
image that emphasises the ϐibres that are in focus and dampens those that are not.
All of these images are printed individually on A4 paper [using a C203 Digital
MFD, Konica Minolta Business Solutions (UK) Ltd, Basildon, UK]. Fibres in focus
are then traced onto an acetate sheet [Diacel 115μm sheet A4, FLM400030 West
Design Products Ltd, Folkestone, UK] using a pen with red ink [Rotring Isograph,
0.5mm nib, Sanford GmbH, Hamburg, Germany; Rotring Drawing Ink, Sanford GmbH].
Each tracing is scanned to a TIFF ϐile with a resolu-
tion of 200dpi  200dpi (using the same printer).
Gwenview [version 2.3.2, http://gwenview.sourceforge.net] is implemented to re-
move irrelevant sections of the images and then convert the TIFF ϐiles to bitmap.
Next, the GNU Image Manipulation Programme [GIMP, version 2.6.12, http://www.gimp.org]
is used to manually clear the bitmap image of any further artefacts that may have arisen
during scanning, and to diminish the variation in intensity of the lines representing ϐibres.
AutoTrace [version 0.31.1, http://autotrace.sourceforge.net] is used to produce an
EPS ϐile of Bézier curves, that represent ϐibres in focus, from the bitmap by running
a script written by Cottenden [4]. (See “before” and “after” examples in ϐigures 6.4a
and 6.8c.) From these curves, values of length and mean curvature are obtained.
Figure 6.3: Flowchart to describe image processing
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(a)Micrograph
(b) After processing in MATLAB
Figure 6.4: Images of a sample of nonwoven SF17 under 1.5kPa at various stages in the processing sequence.
Continues…
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(a) After tracing and scanning
Figure 6.5: Continued.
6.1.3 Investigating the effect of local area density on ϔibre footprint
The importance of investigating the impact of various local area densities – of a nonwoven fabric – on
its total contact length stems from the fact that friction forces appear not to be affected by fabric area
density. As explained in §4.2, low, medium and high density portions of nonwoven were pulled against
volar forearm skin to test this theory, but no signiϐicant differencewas observed between themeasured
friction forces. In order to understand how friction was mediated by nonwoven samples of varying
density under the same applied load, it was imperative that the ϐibre footprints of similar sampleswere
examined. If the total length of ϐibres on the microscope slide increased with increasing area density,
it wouldmean that the total true pressure of ϐibres against the skin would depend on the density of the
sample. Alternatively, if the area density of different samples had no effect on total contact length, it
would suggest that the nonwoven deformed to withstand the applied load and possibly maintain the
pressure at the interface.
It may also explain variation in ϐibre footprint of different samples of the same nonwoven, as well
as the differences in frictional interactions between nonwoven fabrics and skin. Ideally, contact and
friction at the skin-nonwoven interface would be studied simultaneously, where particular ϐibre foot-
prints could be associated with particular friction forces. This would also remove the complication of
non-uniform pressure distribution across the volar forearm. For obvious reasons, there was no prac-
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(a) Selecting samples from large piece of nonwo-
ven
(b) A sample of nonwoven – dimensions and focus
points
Figure 6.6: How samples of nonwoven were selected for area density; the square in 6.6b highlights central
region where area density must be the same as simliar samples; circle represents “viewing hole” of top piece of
apparatus and outer boundaries of possible scanning area
tical method for accurately measuring contact in conjunction with friction, nor was it possible with a
skin surrogate, as discovered by Cottenden [4].
Samples were selected based on qualitative (visual) judgement of area density. Sampling sections –
30mm  30mm – of “high”, “medium” and “low” density were sought from a large piece of nonwoven
(see ϐigure 6.6a) SF17 as this material was particularly inhomogeneous. It was most important that
the central region of the sample, minimum area 10mm  10mm, was the same for all samples of the
same qualitative density, as this was the portion of the sample to be examined under the microscope –
see ϐigures 6.6b and 6.7. Measurements were carried out as previously described; then samples were
weighedwhole before cutting out andweighing a 7mm7mmsquare3 from the centre. Thiswas done
using a microbalance [XP6, Mettler-Toledo (Schweiz) AG, Im Langacher, 8606 Greifensee, Switzerland]
in the Department of Chemistry, UCL. It was essential to measure the mass of each sample to be able to
make accurate comparisons between the total contact length and the sample area density or local area
density of the scanned region. The weighing could not be carried out before making ϐibre footprint
measurements because it involved cutting the samples, thereby destroying them.
3A square was cut out, rather than the circle, shown in ϐigure 6.6b, for convenience and accuracy of cutting.
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Figure 6.7: All samples of SF17 (whole, 30mm 30mm) used for the area density test
6.2 Results
In this section, all data collected using themethods described in §6.1 are presented for analysis, having
been processed using the techniques also described in §6.1. The main focus of data collection was the
effect of applied pressure on ϐibre footprint, so these data are presented ϐirst (§6.2.1). Studying the
impact of local area density on total contact length was also of interest; the results are presented next
(§6.2.2). Although the nonwoven samples examined were not the same ones used in friction measure-
ments (to investigate the effect of area density), the relationship between friction and ϐibre footprint
will still be discussed in §6.3.3.
6.2.1 Investigating the effect of applied pressure on ϔibre footprint
Figure 6.8 displays examples of the end result of processing images collected using the microscope.
Each image was for one sample of each nonwoven under 1.5kPa. These EPS images provided a way to
qualitatively analyse the contact, while the corresponding numerical data – ϐibre contact length values
– provided a basis for quantitative analysis. Information about the ϐibre lengths and distribution, for
different nonwovens under different pressures, was immediately observable from the images, but was
more easily scrutinised in numerical form – see ϐigures 6.9-6.14. Nevertheless, one thing that could
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(a) SF18 (b) DC6 (c) SF17
Figure 6.8: Fully processed (EPS) images of samples of nonwovens under 1.5kPa; the arrow indicates where a
ϐibre met the edge of the image
only be determined visually, from raw data, was how many and where ϐibres intersected the edge of
the “sampled” area. This was important for reasons to be explained in §6.3.4 and an example can be
seen in ϐigure 6.8a.
Figures 6.9-6.11 show the effect that applied pressure had on total ϐibre contact length for each non-
woven; each data point was from a different sample and the associated error was based on the re-
producibility of the total contact length values for the same image4. These graphs provided a general
insight into the behaviour of nonwovens under pressure and the differences between their structures.
In addition to this, it was anticipated that the individual lengths and distribution of ϐibres in contact
with the slide would help tomake amore in depth assessment of the different nonwoven fabrics, when
combined with information about their speciϐic structures. Although the EPS images – the ϐinal visual
output of image processing – enabled a qualitative analysis, it was useful to plot the actual length val-
ues (see ϐigures 6.12-6.14). The ϐirst two of these ϐigures are example frequency distribution graphs;
the ϐinal ϐigure is an array of all frequency distributions for easier comparison across pressures and
nonwovens. (Note that relative frequencywas plotted on the y-axis for each of these graphs: that is the
frequency as a proportion of the total number of contacts.)
4Three tracings of the same MATLAB-enhanced micrograph (see step 2 of ϐigure 6.3) were produced and compared for
repeatability; the percentage error in total contact length value, due to the subjectiveness of determining which ϐibres were
in focus, was calculated.
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Figure 6.9: Relationship between total contact length and pressure for DC6
Figure 6.10: Relationship between total contact length and pressure for SF18
Figure 6.11: Relationship between total contact length and pressure for SF17
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Figure 6.12: Fibre contact length distribution for three samples of SF18 under 0.5kPa
Figure 6.13: Fibre contact length distribution for three samples of SF18 under 15kPa
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Figure 6.14: Relative frequency distributions of ϐibre contact length for all pressures and nonwovens tested; all
axes have the same scale (x = 0-780μm, y = 0-0.7 and relative frequency = frequency/total no. of ϐibre contacts)
as in the previous two ϐigures
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6.2.2 Investigating the effect of local area density on ϔibre footprint
As all measurements for the area density test were carried out under the same pressure, all contact
length data could be presented on one graph. First, the effect of the area density of whole samples on
ϐibre footprint was studied, hence ϐigure 6.15. Total contact length was also plotted against the area
density of the central portion of the sample, as shown in ϐigure 6.16. For reasons that will be explained
in §6.3, the proportional difference in area density was calculated using equation 6.1.
local area density of whole sample - local area density of sample centre
local area density of whole sample (6.1)
Figure 6.15: Relationship between total contact length and local area density of whole samples of SF17 under
5kPa
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Figure 6.16: Relationship between total contact length and local area density of central portions of samples of
SF17 under 5kPa
6.3 Discussion
Before andduring the collectionof thedata presented in theprevious section6.2, itwas anticipated that
this microscopy technique would enable cross-evaluation of the nonwovens examined by producing
contact length values representative of a true contact area. It was also predicted that this information
would, in turn, provide an insight into how friction is mediated by the skin-nonwoven interface and
how this may relate to the properties of the nonwovens. In this section, all of the data relating to ϐibre
footprints of nonwoven fabrics against a skin surrogate (microscope slide) are analysed, starting with
the effect of applied pressure (§6.3.1). Next, the impact of local area density on the total contact length
of a nonwoven sample is discussed (§6.3.2), followed by suggestions of how the experiment could be
improved, focusing on data analysis (§6.3.4). Any direct links between ϐibre footprint and friction data
will be discussed in §6.3.3.
6.3.1 Investigating the effect of applied pressure on ϔibre footprint
Of the three nonwovens tested, DC6 showed the greatest (relative) increase in total contact lengthwith
increasing applied pressure, and the least change occurred with SF17. In all three graphs, (see ϐigures
6.9-6.11, there was a strong positive correlation and the relationship between contact and the log of
pressure was linear. At the lowest pressure, all nonwovens produced a total contact length of approx-
imately 5mm for at least one 30mm  30mm sample. The fabric with the largest total contact at the
highest pressurewasDC6. Overall, SF18 displayed themost inter-sample scatter, suggesting that varia-
tion in thematerial (e.g. local area densities) was responsible formore of the changes in contact length
than the pressure itself. In fact, there was generally more overlap here, from one pressure to the next,
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than for SF17, which may have been a consequence of greater material variability or purely based on
chance – something that occurred during sample selection. Considering the fact that samples of SF17
with visually similar area densities were chosen, it appears that the latter was more likely, assuming
that basis weight had any effect. This is something that will be discussed in more detail in §6.3.2.
Before analysing the data for these three nonwovens any further, it is important to make reference
to those collected by Cottenden [4]. As with any experimental procedure that relies on human judge-
ment, there was a risk of error in both data collection and processing. It was necessary to adjust the
microscope stage height so that the microscope slide-nonwoven interface was in focus across the en-
tire area, and later, to consistently assess which ϐibre portions were in focus for tracing. The former
was easily checked during preliminary testing and the latter by making multiple tracings of the same
processed micrograph. After assessing repeatability of the method, the subjectivity of distinguishing
between ϐibres in and out of focus was evaluated. Cottenden compared his tracings with those of vari-
ous volunteers, but as the purpose here was to ensure comparability of old and new data for DC6, old
MATLAB-processedmicrographs were traced. Repeatability was calculated to be 98-99.5% and differ-
ences based on subjectivity were consistently 30-35%5; both were computed from total contact length
values.
The relationship between total contact length and pressure for DC6, displayed in ϐigure 6.9, was very
similar to that found by Cottenden. It would, therefore, be reasonable to assume that the relationships
for SF17 and SF18were also comparable, despite the probability that Cottendenwould have produced
larger total contact length values from the sameMATLAB images. For the purposes of this thesis, it was
deemed acceptable tomake relative comparisons between the nonwovens based on the data presented
in this chapter.
Figures 6.12 and 6.13 display relative frequency distribution data for samples of SF18 under the low-
est (0.5kPa) and highest (15kPa) pressures plotted from raw ϐibre footprint data. The main difference
was the increase in the number of contacts, although there were a few new longer contacts. Overall,
there was no change in the proportion of individual lengths, i.e. the distribution was essentially the
same. It is clear from the full set of graphs for SF18 in ϐigure 6.14 that this was the pattern for all
applied nominal pressures. This particular pattern implies that ϐibre movement within the samples
was rather restricted. The shapes of the ϐibre contact length distributions were similar for SF17 and
DC6, most of the contacts being short in length (0 - 120μm) and covering mostly the same range of
lengths. Nonwoven DC6 had the longest ϐibre contacts – up to 1440μm (not shown in ϐigure 6.14) –
and its distribution appeared to be the most affected by a relative increase in individual ϐibre contact
length. Between 0.5kPa and 1.5kPa, and 5kPa and 15kPa, there was a slight ostensible shift in distri-
bution, suggesting that the increases in total contact length were, in part, due to increases in individual
ϐibre contact lengths. This was further supported by the greater frequency of short contacts for SF18,
despite the lower total values.
It is important to remember that there were 12 samples per nonwoven, or three per pressure, which
inevitably increased the chance of inter-sample variation. Nonetheless, comparisons couldbemadebe-
tween samples at each pressure. Following closer examination of the graphs in ϐigure 6.14, the relative
frequency distribution wasmost skewed for SF18 and least for DC6 (with the exception of 0.5kPa), but
it could be argued that this may change if more samples were to be compared. This observation was
complementary to total contact length data. Unfortunately, the scanning area was limited – roughly
25mm2 compared to a 625mm2 sample size, which equates to approximately 4%. It may have been
5Cottenden’s total ϐibre contact lengths were always higher, although not necessarily the number of contacts.
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the case that the total contact lengths of entire samples were the same, under a certain pressure, but
that the scanned sections were particularly unrepresentative of the whole test piece. This was evident
when studying smaller (5mm2) images, with varying ϐibre length and density within the area.
Considering the properties of the nonwoven fabrics, it might be expected that the ϐibre material
(polymer), manufacturing process and bonding would, together, affect the overall compliance of the
nonwoven. It could be assumed that a fabric with a low nominal compliance would be less affected by
an increase in applied pressure, as was SF17. Nonwovens SF17, SF18 and DC6 were all spunbond and
calendered (bonded thermally under pressure), which suggests that they should all have had consid-
erable strength without further treatment. All three nonwovens had the same proportion of bonding
area. Fibres of SF17 and DC6 were all made from polypropylene (PP) and those of SF18 had a PP core
with a polyethylene sheath. Although all of the above provided a good explanation for the physical
appearance and texture of the fabrics, it did not reϐlect their behaviour under pressure in terms of to-
tal contact length. It may, in fact, have related to something as simple as layering: SF17 appeared to
have the fewest layers of ϐibres, which also had the largest diameters. These factors combined provide
a more feasible explanation for the low dependence of total ϐibre contact length of SF17 on applied
pressure.
Linear density could be accepted as a good indication of ϐibre diameter and therefore widths of con-
tacts, but it was not particularly useful here because contact widths could not be measured on a mi-
croscale. In the case that they could be measured or estimated, they would be negligible relative to the
contact lengths. All three nonwoven fabrics were coated with a surfactant, but this did not affect the
ϐibre footprintmeasured using themicroscopy technique, despite the possibility that it would have had
an impact on contact on a nanoscale. If anything could be gleaned from the results of this experiment,
it would be that nonwoven DC6 – the fabric most inϐluenced by nominal pressure – would most likely
be the best choice if the aim was to maintain the true pressure at a skin-nonwoven interface, although
that also assumes the relationship between ϐibre footprint and applied pressure is always the same.
It might be anticipated that area density, considered alongsidemanufacturing process, bonding (dis-
tribution and number of points) and ϐibre polymer, inϐluenced ϐibre contact length distribution. This
is because these properties would affect the ability of ϐibres to form different length contacts with a
surface. The basis weights were very similar – 15 g m2 for SF18, 17 g m2 for SF17 and DC6 – and
unfortunately no information was available on the number of bonding points per unit area to be able
to make this comparison. Based on previous observations of ϐibre layering and low area density, it was
anticipated that SF17 would produce the longest individual contacts, but this was not the case. Never-
theless, it would be irresponsible to place too much emphasis on these data, simply because the lack
of uniformity of nonwovens could lead to different frequency distributions and total contact lengths
when testing different samples.
One thing that remained constant – and could therefore not affect ϐibre footprint – was the sub-
strate material (glass microscope slides). This means that, not only was the variation between contact
lengths of samples real, the relative differences in footprint between applied nominal pressures were
representative of contact between nonwoven fabrics and human skin (or Lorica Soft). As explained
by Cottenden, the principal inϐluence on ϐibre footprint is the mechanical properties of the nonwoven
fabrics as a whole, due to their low compressive moduli relative to that of the substrate and individ-
ual ϐibres [141]. This applies to skin as a substrate as much as glass or artiϐicial leather (LS) and the
expected differences between the total contact lengths for each of these would be negligible, at least
for the pressure range and experimental setup used. Further, Cottenden demonstrated this via math-
ematical modelling of the interface as a linear elastic half space [4, 141], which also applied to the data
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presented here as the nonwovens examined did not vary too greatly from those described in that paper.
To conclude, the contact length data presented in this thesis were characteristic of those that would be
collected for skin, including inter-sample variation, regardless of the use of glass as a substrate.
6.3.2 Investigating the effect of local area density on ϔibre footprint
Taking into account the visibly obvious non-uniformnature of the nonwovens investigated in this chap-
ter, and the results of exploring the impact of area density on friction, it was imperative that the same
was done for ϐibre footprints. As the inconsistencies in SF17were especially clear, samples with differ-
ent local densities were selected by eye, but it was difϐicult to obtain a sample with the same particular
density across its whole area, let alone several with a common density. Ideally, samples with uniform
densities would have been weighed before use, or the relevant regions weighed without destroying
whole samples. As this was not possible, it was anticipated that qualitative sample selection would be
adequate for the task at hand, but that quantitative assessment of local area densitywould benecessary
for data analysis.
Figures 6.15 and 6.16 demonstrate why this decision was sensible. Data points were colour-coded
according to their qualitative densities: purple = low density; green = medium density; and orange =
high density. More overlap was observed for whole samples than for central portions of samples, but
this was acceptable because it was the centres that were scanned under the microscope. Considering
the two sets of densities separately, it was evident that there was no relationship between them and
total contact area. This is perhaps unsurprising following the lack of relationship with friction forces
and theminimal effect of nominal pressure on total contact for SF17. However, the differences between
ϐigures 6.15 and 6.16 suggest that theremay, in fact, have been a hidden connection between local area
density and total contact length.
In §6.1.3, ϐigure 6.7 showed not only the differences between selected samples, but also the varia-
tions within each. It was visibly evident that samples (f)-(i) were slightly denser in the centre, (b) and
(c) were clearly denser outside the central 49mm2, and (a), (d) and (e) were relatively uniform. The
potential implication of testing a sample with a lower density in the centre was that the pressure was
not equally distributed across the sample, and the nominal pressure at the centre was lower than that
on the rest of the piece of nonwoven. The reverse (high density centre) may have resulted in a higher
pressure being applied to the centre. Data from ϐigures 6.15 and 6.16 were combined to check the
probability of these two situations. Calculating the proportional difference in area density between the
whole and centre of each sample gave an indication of which scanned areas may have been exerted to
more or less pressure than intended. Interestingly, but unsurprisingly, all “low density” samples had
lower densities at their centres and the smaller the difference in density in proportion to the whole
sample, the larger the total contact length. This implies that there was a relationship between area
density and ϐibre footprint, contrary to earlier analysis. However, this appeared not to be so for the
other samples of SF17. With these conϐlicting ϐindings from data on only nine samples of SF17, it was
impossible to determine whether ϐibre contact length was inϐluenced by or dependent on local area
density.
A sample of nonwoven fabric with varying volume density can, for the purposes of analysing its me-
chanical properties, be likened to a composite made from materials of different densities. Depend-
ing on the orientation, either uniform strain or uniform stress can be applied and the other will vary
throughout its volume – a similar idea to Voigt and Reuss models (see ϐigure 6.17). According to the
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Voigt model, strain is constant across the loaded area:
t = a = b; (6.2)
where  is the strain across the total area (t) under load and across the areas of the constituent
materials (a and b) with different densities.
Since Young’s modulus, E =  (where  is stress) and a nominal pressure, P, is applied across the
whole sample, equation 6.2 can be written:
P
Et
=
a
Ea
=
b
Eb
:
If E = kD, where D is area density and k is a constant,
P
Dt
=
a
Da
=
b
Db
;
and
a =
P:Da
Dt
or
b =
P:Db
Dt
:
(a) Sample of nonwoven with low area den-
sity centre and the Voigt composite model
equivalent
(b) Uniform nominal strain applied to nonwoven by slide re-
sults in lower stress at centre of sample
Figure 6.17: Distribution of pressure on a sample of nonwoven with a lower density centre; black arrows
represent nominal pressure, red arrows are for higher localised pressure and blue arrows for lower localised
pressure
In the case of nonwovens, the higher density regions have the higher “modulus” of elasticity and
vice versa for low density regions. This means that the strain would be limited by high densities or
possibly the thickness of low density areas. If it is assumed that area density is proportional to volume
density, the distribution of nominal normal stress will differ greatly across the interface. In contrast,
if volume density is relatively constant, the nominal pressure will essentially be uniform, even though
the true pressure will not. The thickness of SF17 was measured under a nominal pressure of 0.4kPa
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for 10 different regions and varied from 0.19mm to 0.24mm. It resulted in a mean volume density of
66:1 kg m-3, with considerable ϐluctuation. Unfortunately, the raw values were calculated from one
area density value (the basis weight), so this is inconclusive, but an area-volume density relationship
may be inferred when comparing SF17 values with those of other nonwovens – see table 6.2. Not only
were the volume densities not proportional to the area densities, the variation (standard deviation)
between the latter was greater than that of the former. This implies that it is the true pressure that is
primarily affected by varying area density.
Table 6.2: Thickness and densities of nonwoven fabrics in the subset
Nonwoven Thickness / mm Std dev Area density / g:m-2 Volume density / kg:m-3
SF3 0.689 0.009 46.9 68.1
SF14 0.508 0.016 33.2 65.4
SF17 0.221 0.016 14.6 66.1
SF18 0.169 0.015 15.0 88.8
DC6 0.230 0.020 18.1 78.7
Results from experiments described in §6.1 suggested that the SF17 ϐibre footprints were less af-
fected by nominal pressure than the other nonwovens tested. It is not clear whether this was the case
because of non-uniform distribution of pressure across these samples, or that there was no distinct
relationship between area density and contact length for the aforementioned reason. Either of these
would depend on some structural property (or properties) of SF17, which could not be identiϐied in
the absence of similar ϐibre footprint data for other nonwoven fabrics. Although SF18was also a visibly
variable material, it would have been a very time-consuming – and not necessarily fruitful – task to se-
lect samples of different local area densities for investigation. Furthermore, DC6 had themost uniform
structure and would have been unsuitable for this experiment.
Considering that these data were representative of skin-nonwoven contact, it can be assumed that
the relationship – or lack thereof – betweennonwoven local area density and total contact lengthwould
remain unchanged by applied pressure. Whether the total ϐibre contact length of a sampled area was
less than it ought to be because the nominal pressure was not uniformly distributed, or the pressure
genuinely had no effect on contact length, both are possible explanations for the insigniϐicant differ-
ences in friction force measured in the complementary friction measurements. If true contact length
was affected by local area density, it may be that the true pressure applied to the nonwoven ϐibres var-
ied to compensate, without changing the friction forces. In the opposite situation, it may be that the
nonwoven sample deformed tomaintain the nominal pressure throughout its structure, alsomaintain-
ing the friction force. For pad-wearers, this would mean that a nonwoven with a lower total contact
lengthwould have a high pressure at the ϐibre-skin interface, regardless of friction force. Unfortunately,
it is unknown which, if either, would have the greater impact on skin damage: high localised pressure
or high friction forces between the skin and nonwoven.
6.3.3 Relationship between ϔibre footprints and friction data
Before analysing friction data alongside ϐibre footprint data, it is important to remember that not all
fabrics tested in dry friction measurements were examined under the microscope. This means that
comparisons canonly really bemadeherebetweennonwovens SF17, SF18andDC6. Ideally, the friction
measurements betweendry volar forearm skin andnonwoven fabricswould have been recordedunder
Fibre footprints of nonwovens against a substrate 123
a microscope to monitor the contact at the interface during sliding. This would have enabled a more
direct comparison between the sets of data, but there is no known practical and effective method of
measuring such skin-nonwoven contact thus far. A similar experiment was conducted by Cottenden
[4] with the ϐlat skin surrogate, but the resolution was too poor for the footage to be useful.
The data in chapter 4 suggest that Amontons’ law holds for friction between volar forearm skin and
nonwovens and is in line with other studies that suggest adhesion as the contributing mechanism
[80, 89, 91, 92, 94, 95, 97]. If the magnitude of adhesive forces is related to the friction force offset
size at zero applied load, it could be stated that, on average, nonwoven SF18 has the highest adhesive
forces of the three examined under themicroscope and DC6 has the lowest. Adhesive forces could also
be associated with total contact area, however, the order of nonwovens when ranked for offset is not
the same as for total contact length. The local area density of a nonwoven (SF17) had no signiϐicant
effect on friction force, but the impact on ϐibre footprint was inconclusive. Amontons’ second law of
friction states that the coefϐicient of friction is independent of nominal contact area, but ϐibre footprint
measurements are closer to true contact area, so no further comments can be made relating to that.
It is accepted that skin deformation was only observed on a macroscale and that the surface of the
SC on a microscale is unknown in both wet and dry conditions, but it is assumed, based on work by
Hendriks and Franklin [78] that the surface is smoother whenwet. In the case of contact between non-
woven fabric ϐibres and skin, it is anticipated that a smoother surface (due to swollen stratum corneum
cells) would enable a greater total contact area.
The gradients of total ϐibre contact length against pressure did not correlate with the average ‘maxi-
mum tensometer force vs applied load’ gradients or the coefϐicients of static friction forwet skin, which
suggests that either:
• friction depended less on pressure than total ϐibre contact length did;
• the area studied under the microscope was too small to get a fair estimation of contact;
• or the real contact between ϐibres and skin was less dependent on applied load and more de-
pendent on the mechanical properties of the fabric as a whole and its ability to deform under
pressure.
Fabric area density appeared to have no effect on friction between nonwovens and human skin but
ϐibre footprint measurements were inconclusive. With this in mind, it was considered that, where area
density varies, the fabricmight deform locally to accommodate the load and/or facilitate friction so that
the true contact pressure remains the same. None of the other manufacturing processes or structural
properties of the nonwovens are useful in the comparison of friction and ϐibre footprint data.
6.3.4 Improvements for future analysis
Total contact length datawere not affected by incomplete ϐibre contacts at the boundary of the scanned
region, but the frequency distribution of individual contact lengthsmayhave beenmisleading. To accept
the frequency data at face value would be to assume that contacts at the edge of the sampling area did
not extend beyond this boundary. Thiswas often not the case, meaning thatmany contactswere longer
than they appeared within the sampled region, thus introducing an error in calculations. In order to
calculate the associated error, it is necessary to measure contact lengths for a much larger area and
compare this to data from smaller sections of the same area. If done manually, this would take a very
long time, not to mention the complexity of making the relevant calculations by hand.
To avoid wasting time this way, a BASH script, written by D. J. Cottenden, could be applied to images
eight times the area of normal sampling areas. The script would take the large EPS image ϐile (after
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processing it as described in §6.1.2.3) and another EPS ϐile containing a reticule, as inputs, and then
output correction matrices and bins for grouping data. The purposes of the bins and matrices would
be to group the data appropriately and apply corrections to the grouped frequency data respectively.
Depending on the particular nonwoven, a different set (ormatrix) of correction factors would need to
be applied, hence varying bin widths. To test this, three micrographs were produced – one per non-
woven – by scanning an area eight times that of normal sampling areas, under a nominal pressure of
0.19kPa. This pressure was chosen for practical reasons: the testing rig (see ϐigure 6.1) could not be
used when scanning an area larger than 5mm 5mm because it would obstruct the light source; the
total height and width of the dead weights applied directly to the top slide had to be restricted to avoid
collision with the microscope lens during scanning.
Themicrographswere processed as described in §6.1.2.3 before the ϐinal EPS imageswere processed
further, using themethod described above, in conjunctionwith raw contact length data from each non-
woven under 0.5kPa. The results of this are presented in ϐigures 6.18-6.20. If these ϐigures are com-
pared to ϐigure 6.14, it can be seen that, while there are similarities in the shape of the frequency dis-
tributions, the unequal bin widths and their associated varying x-axis limits make it difϐicult to assess
the true distribution of contact lengths. The challengewould be to create a histogram for corrected rel-
ative frequency densities with more reasonable data grouping. Also, provided the procedure for data
collection could bemodiϐied to investigate the pressures used in this thesis, these corrections could be
applied to all the data. It would also be useful to limit the number of bins for grouping data, to facilitate
their analysis. Due to the constraints of time, the method was not developed further, but would be
worth modifying in the event that this work is continued.
Figure 6.18: Corrected ϐibre contact length frequency data for one sample of DC6 at 0.5kPa
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Figure 6.19: Corrected ϐibre contact length frequency data for one sample of SF18 at 0.5kPa
Figure 6.20: Corrected ϐibre contact length frequency data for one sample of SF17 at 0.5kPa
CčĆĕęĊė 7
CĔēĈđĚĘĎĔēĘ
“…on fait la science avec des faits comme une maison avec des pierres; mais une ac-
cumulation de faits n’est pas plus une science qu’un tas de pierres n’est une maison.
(…science is made with facts as a house with stones; but an accumulation of facts is no
more a science than a heap of stones is a house.)”
—Henri Poincaré, 1854–1912
EĆĈč ĘęėĆēĉ Ĕċ ĜĔėĐ in this project, described in chapters 3 to 6, was carried out separately andthe results were analysed in stages. Data from groups of experiments were discussed in their
individual chapters and compared with those from other chapters, so it is not necessary to provide
any more than a brief outline of the conclusions of the project here. This outline is accompanied by an
evaluation of the project objectives and suggestions of further work.
7.1 Summary of conclusions
A number of interesting ϐindings have arisen from the work described in this thesis – some of which
were particularly unexpected – as described in the relevant previous chapters. This section sum-
marises the main conclusions drawn from all strands of work, which have been divided accordingly.
7.1.1 Friction between nonwoven fabrics and Lorica Soft
LS was an appropriate surrogate for volar forearm skin for the relative comparison of a large group
of nonwovens and in the selection of a smaller representative set of fabrics as the relative differences
between nonwovens were similar when tested against human skin.
The different geometries of the surface of Lorica Soft (LS) – ϔlat and curved – did not signiϔicantly affect the
static coefϔicient of friction, although it did produce different force-displacement curves. This implies
that the geometric conϐiguration of the skin surrogate was only of importance during dynamic friction.
7.1.2 Friction between nonwoven fabrics and volar forearm skin in dry conditions
Amontons’ law held for friction between volar forearm skin and a broad range of nonwoven fabrics ir-
respective of skin compliance and participant age. There was a remarkably linear and proportional
relationship between applied normal force and friction force for all participants of all ages, which it
was also independent of compliance of the skin and underlying tissues (wrinkled and ϐlaccid versus
smooth and ϐirm).
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Relative friction data for a range of nonwovens against one person’s skin was typically representative of
similar data for many people as the ranking of nonwovens in the subset (bys) was broadly the same
for all participants.
The offsets on graphs of friction force against applied load were usually smaller than experimental error
and positive. Those larger than the error may be related to the friction mechanism (e.g. adhesion),
deformation of the nonwoven or skin, or some other unknown contributing factor.
There was no discernible relationship between nonwoven area density and friction force. This suggests
that skin-nonwoven friction is independent of apparent contact area – if area density is indicative of
skin-nonwoven contact area during friction – or that a higher proportion of ϐibres are in contact with
the skin for low density samples.
No single nonwoven manufacturing process or property can be attributed to differences in coefϔicient of
friction. The particular combination of manufacturing processes and properties of SF18 resulted in
low friction forces (and coefϐicients). Linear density of a fabric or ϐibre diameter might be good indica-
tors of how it feels – ameasure of comfort – against the skin, though this would require further investi-
gation. Looking for trends between skin-nonwoven friction and structural and mechanical properties
of the nonwovenswas rather challenging, partly because of the inhomogeneity of the fabrics and partly
due to the variation in the data between participants.
The behaviour of the skin and underlying tissues were not always dependent on the age of the partici-
pant. Many forms of soft tissue deformation were observed, such as rucking and indentation, as well
as the stick-slip phenomenon. Some behaviours were identiϐiable on force-displacement graphs but
the extent of deformation was not always reϐlected in the friction force.
Somenonwoven fabricsweremore susceptible thanothers to deformation Under thehighest loadsused
in this part of the friction study (0.48N and 0.69N), the strips of nonwoven often deformed laterally.
Themost robust nonwoven, with the highest resistance to lateral deformation, appeared to beDC6 (the
same one used by Cottenden [4]).
7.1.3 Friction between nonwoven fabrics and volar forearm skin in wet conditions
This section has been removed due to its commercially sensitive content. It will be made available in
the full version of this thesis, which will be published at a later date.
7.1.4 Fibre footprints of nonwoven fabrics against a glass slide
Total contact length increased linearly with logarithmic pressure for all nonwovens and the gradient
was different for each one. Therewas some scatter caused by variation between samples of nonwoven.
Fabric DC6 showed themost dependence on applied pressure, with the highest gradient, whereas SF17
changed the least.
The distribution of ϔibre contact lengths mostly remained the same with increasing pressure although
there was some shift for DC6; as pressure increased from 0.5kPa to 15kPa, there was a small increase
in the number of longer contacts for this nonwoven. This was most likely due to the mechanics of the
micro-structure.
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No clear relationship between total ϔibre contact length and local area density was established in this
work as analysis of the data was inconclusive. This may have been due to limitations of the method,
such as the inability to control the distribution of pressure across a sample of nonwoven.
Friction data for all nonwovens appear to be independent of their true contact areas with skin based on
total ϐibre contact length data. This does not contradict nor support the evidence that Amontons’ law
holds for friction between volar forearm skin and these nonwovens. It suggests that applied load is dis-
tributed throughout the entire structure of a nonwoven sample so that not all is translated to increase
the contact area, but the true pressure at the points of contact varies depending on the nonwoven and
particular sample.
7.2 Evaluation of the project based on objectives achieved
The aims and objectives of the work carried out in this project were set in §2.7 at the end of the litera-
ture review. This section is an assessment of which of the objectives were attained.
7.2.1 Friction between a skin surrogate and nonwoven fabrics
Examination of a broader range of nonwoven fabrics: The force-displacement curves for friction be-
tween Lorica Soft and the wider range of nonwovens (used in this project) were consistent with those
for Cottenden’s [4] nonwovens. A subset of ϐive fabrics for further testing was successfully selected
using this method in conjunction with measurements on real skin.
Measurements of friction on a skin surrogate in a curved conϔiguration: Coefϐicients of static friction
for ϐlat and curved LS were similar, but not the raw data traces. Whether or not a curved surrogate
undergoes sufϐicient change at the surface to produce different friction forces with nonwovens could
not be determined. Nonetheless, LS wrapped around a solid cylinder was also useful in the selection
of the subset nonwovens.
7.2.2 Friction between volar forearm skin and nonwoven fabrics in dry (normal) conditions
Selection of a subset of nonwoven fabrics: As mentioned previously, ϐive nonwovens were selected for
further examination (on participants) based on the friction data from both skin and the skin surrogate.
Thedecisionwas alsomadebasedon the structural properties of the fabrics, including as large a variety
as possible.
Ethics: Research Ethics Committee and Research and Development approvals were successfully ob-
tained for this study (on dry and wet volar forearm skin) in September 2011.
Measurements of friction between volar forearm skin and nonwovens: Friction measurements were
made on the volar forearm skin of 19 volunteers (aged 20–95 years) in normal (dry) conditions with
the subset of nonwovens, using a similar method to Wong [3]. The data were compared to those from
the skin surrogate, the conclusions of which, can be found in §4.3.4.1.
7.2.3 Friction between volar forearm skin and nonwoven fabrics in wet conditions
This chapter has been removed due to its commercially sensitive content. It will be made available in
the full version of this thesis, which will be published at a later date.
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7.2.4 Interfacial contact (ϔibre footprint)
Contact length between microscope slides and new nonwovens: The ϐibre footprints of three out of
ϐive nonwovens in the subset were examined using a slightly adapted version of the method used by
Cottenden [4]. The data were comparable with those obtained by him and revealed some interesting
information about the behaviour of nonwovens under pressure, although analysis was restricted by
limitations of the methods.
Application of a mathematical model: No appropriate mathematical model to estimate actual contact
area was found.
7.3 Future work
As always, answering one question in research opens the door tomanymore. Although thework in this
project produced many interesting results, there are certain strands that would beneϐit from further
investigation. The principal areas of interest for future work are summarised below.
Human skin friction This text has been removed due to its commercially sensitive content. It will be
made available in the full version of this thesis, which will be published at a later date.
Physical models An MSc student in the Continence and Skin Technology Group, Cristina Bogatu, ran
experiments on physical models of the volar forearm, simplifying and separating different features
used in previous work (by Asimakopoulos [154] and Karavokyros [156]). She used rigid cylinders of
various diameters with a low friction surface and sheets of acetate with different bending stiffness to
investigate the offsets on graphs of friction force vs applied load [157]. This setup complied with all
assumptions made by the mathematical model. The data from these measurements were compared
with some for rigid cylinders with a high friction surface, as well as friction between nonwoven and
acetate strips and a high friction surface on a compliant cylinder. She found that the bending stiffness
of the conforming material was not the cause of the offset, but it may relate to the biaxial deformation
of the nonwoven strip on the cylinder (or arm). This work could be continued by using strips of fabric
of different dimensions and actively measuring their deformation on the cylinder, which could then be
compared to similar measurements on volar forearms.
Fibre footprints Until now, there has been no need to estimate or measure ϐibre contact area, as mea-
surements of total contact lengthwere appropriate for investigating ϐibre footprints against glass and
were considered suitably representative of area. Although themethodwasalsodeemedapposite for es-
timating contact with skin, it would be interesting andmay be useful to develop an alternative method
for investigating actual skin-nonwoven contact. Such a method may involve the use of a linear-elastic
quarter-space (mathematical) model or a different imaging technique like Fourier Transform Infrared
(FTIR) Spectroscopy. Some work with FTIR Spectroscopy was attempted during this project (as ex-
plained in chapter 6) and would be worth further investigation.
Other work Measuring friction between excised skin and nonwoven fabrics in the absence – and pos-
sibly presence – of ϐluid is another possible option for further investigation of skin deformation in
friction. The contribution of the underlying tissue to friction could be eliminated by removing (excis-
ing) the epidermis and dermis from part of the body. Ideally, the stratum corneum would be isolated
from the rest of the skin and tested separately, but themore practical and feasible next stepwould be to
measure friction on the skin as awhole. It is anticipated that the data obtained from these experiments
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would help to explain the deformation observed in friction measurements on skin in vivo and to deter-
mine the size of the effect of skinwithout subcutaneous tissue on force-displacement curves. Thiswork
was attempted on excised breast skin before the volar forearm friction study began, but little progress
was made due to a limited supply of skin (see appendices G and H). It was tested in a ϐlat conϐiguration
using the equipment described in §3.2.1 but could equally be tested in a curved conϐiguration, wrapped
around a rigid cylinder, for example.
AĕĕĊēĉĎĝ A
NĔēĜĔěĊē ċĆćėĎĈĘ: A ĈĔĒĕėĊčĊēĘĎěĊ ęĆćđĊ Ĕċ
ĒĆęĊėĎĆđ ĕėĔĕĊėęĎĊĘ Ćēĉ ĒĆēĚċĆĈęĚėĎēČ
ĕėĔĈĊĘĘĊĘ
TčĊ ċĔđđĔĜĎēČ ęĆćđĊ (A.1) contains all knowndetails of all 14 nonwovens used in preliminary test-ing (DC6-SF18) and two others used by Cottenden [4] (DC1 and DC3) in addition to DC6. Missing
information is represented by ‘–’. The fabric codes bear no specialmeaning; nonwovenswere simply la-
belledwith the initials of the researcherwhooriginally tested them(DC=DavidCottenden, SF=Sabrina
Falloon) and a randomly assigned number. In the ‘Manufacturing/Bonding’ column, manufacturing
processes are listed ϐirst, then bonding techniques. PP, in the ‘Polymer’ column represents polypropy-
lene, PET is polyethylene terephthalate and PE is polyethylene; S/C bico refers to the sheath/core ratio
of a bicomponent ϐibre. Two of the surfactants (ϐinal column) have been named, but it is not known
whether they are hydrophilic or hydrophobic.
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Table A.1: Full details of nonwoven fabrics used in this study and a previous study [4]
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AĕĕĊēĉĎĝ B
RĊĘĊĆėĈč EęčĎĈĘ CĔĒĒĎęęĊĊ AĕĕđĎĈĆęĎĔē: VĔđĆė
ċĔėĊĆėĒ ċėĎĈęĎĔē ĘęĚĉĞ ĕėĔęĔĈĔđ
TčĎĘ ĈčĆĕęĊė ĈĔĒĕėĎĘĊĘ the supporting documents for the Research Ethics Committee applicationfor the study of friction between nonwoven fabrics and volar forearm skin. The application form
itself was too long (29 pages) to include and would not have added to the value of this appendix. Some
of the supporting documents varied according to the source of participants for which it was intended;
all versions of such documents have been included. The supporting documents for the REC application
are presented in the following order: protocol, participant information sheets, letter to the GP, consent
forms and ϐinally advertisement material (for recruitment of participants into the study).
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Abstract 
 
Wearers of incontinence pads and sanitary towels frequently experience skin abrasion due to 
friction. The Continence and Skin Technology Group has worked for some years to develop 
techniques for measuring this friction in vivo. In order to deepen our understanding of how this 
friction works, we now need to conduct a study on real skin in vivo. 
 
This study will involve performing some mechanical tests on a relatively hairless area of the 
forearm of volunteers with nonwoven coverstock fabrics. There will of course be interaction 
between the participants and investigators, but no identifiable information will be included in 
the study. All participants will have given informed consent before taking part in the study. 
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1 Introduction 
The work described in this document involves measuring friction between nonwoven fabrics 
(similar to tea bag material and commonly used against the skin in incontinence pads) and the 
volar forearm of adults of different ages. It is the latest of a series of in vivo and ex vivo 
experimental studies, having the overall aim of understanding and modelling friction between 
incontinence pads and skin, so paving the way for the development of more skin-friendly 
products. The proposed work will use methodologies developed and successfully used in earlier 
studies, giving a high level of confidence that it will yield fruitful data. 
 
1.1 Background 
Approximately five million people in the UK are known to be incontinent of urine, and the 
prevalence is anticipated to increase further as the growing population ages [1]. Whilst many 
sufferers can be at least partially cured, the significant minority who cannot be fully cured 
require products to manage their condition. The most common product type is absorbent pads, 
but can lead to skin damage, often in the form of Incontinence Associated Dermatitis (IAD), of 
which friction is a major contributor. 
 
The friction mechanisms that occur here must first be identified and modelled before products 
can be improved to be less damaging to the skin. 
 
So far, many clinical studies have been carried out to determine the prevalence, severity, 
duration and location of IAD in incontinent nursing home populations [2]. A methodology has 
been developed for measuring friction between nonwoven fabrics and volar forearm skin [3] - 
skin on the underside of the lower arm, commonly used as a proxy for the diaper area of the 
skin. Mechanisms of friction between nonwoven fabrics and a skin surrogate (Lorica Soft) have 
also been investigated and significant progress has been made toward identifying them [4]. 
 
In a current study, I aim to determine whether the friction mechanisms that characterise 
interaction between Lorica Soft and nonwoven fabrics, also apply to real skin. I am doing this on 
excised breast skin. Breast skin is used because it is mostly smooth and hairless, and it is 
available in quite large pieces from mastectomy operations. Excised skin is used because it has 
the ability to remain completely stationary throughout testing, and it can also be placed in the 
apparatus used to test Lorica Soft. This provides a direct comparison between material surfaces 
(real skin and the skin surrogate) and acts as an intermediate between skin surrogate and real 
skin in vivo. However, properties of the skin change with time once excised, so further testing on 
human skin in vivo is also necessary. 
 
1.2 Aims and objectives 
The aim of this study is to validate the findings of the friction mechanism work done so far with 
in vivo measurements on volar forearm skin. This will involve measuring friction force between 
nonwoven fabrics and volar forearm skin (in wet and dry conditions) on people of different ages 
and genders, using a range of nonwoven fabrics and pressures. 
 
The methods for obtaining these data are described in §2.2. Experiments relating to these 
objectives must give an indication of the extent to which the mechanisms and rules identified 
are common to all people. Consequently, the individuals who participate will vary in age, and if 
possible, should vary in ethnicity and gender so that any important features that are identified 
can be established as likely universal, or not. However, though this would be desirable, it is not 
of primary importance for the present project. 
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2 Methodology 
This section describes all procedures and methods that will be employed in the execution of this 
work, including the identification of subjects, obtaining consent, the recruitment of participants 
(§2.1), and the experimental methodologies for making measurements on volar forearm skin 
(§2.2). The timing of different stages in the recruitment of subjects and the experiments are 
given in §2.4. 
 
2.1 Identification of subjects and consent 
This study will involve working with volar forearm skin in vivo. The volar forearm is a fairly flat 
and hairless part of the body and is easily accessible for taking measurements. This makes it 
well suited to our experiments: in this exploratory work it is more important that skin is 
uniform and simple than that it is from the diaper area. 
 
Criteria for inclusion in this study are as follows. 
 
 The participant is aged 18 (years) or over. 
 The participant has little or no hair on their volar forearms - see fig1. 
 
Criteria for exclusion from this study are as follows: 
 The participant is under 18 years old. 
 The participant has hairy volar forearms - see fig1. 
 The participant has an active skin condition that makes the surface of their skin rougher 
than it would normally be (e.g. eczema, psoriasis). 
 The participant has a known allergy to nonwoven fabrics. 
 
Volunteers will be sought from outpatients of the Incontinence Clinic of Whittington Health 
NHS, residents of Cheverton Lodge Care Home, students and staff from the Clerkenwell Building, 
and students and staff from UCL. 
 
2.1.1 Incontinence clinic participants 
Identification and initial contact with prospective participants will be made by their doctor, Prof 
James Malone-Lee (JML), in routine appointments with his patients, during which he will give 
them an information sheet to read. The patient will then be asked if they would like to speak to 
an investigator – Sabrina Falloon (SF) or Vasileios Asimakopoulos (VA) will explain the study 
further and answer any questions they may have. The patient will be given at least 24 hours to 
consider their decision. If they are happy to participate, the patient should contact one of the 
investigators. The participant will come to the 3rd floor of the Clerkenwell Building on an 
arranged date when an investigator will go through the details of the study again with them and 
the consent form will be signed. Some participants may take part in the experiment on the same 
day as one of their future outpatient appointments. However, if a participant comes outside 
their usual appointment, transport will be arranged or travel expenses will be reimbursed. 
 
2.1.2 Nursing home participants 
This same process applies to residents of the nursing home, except that the general manager, 
Mary Rabbitte (MR), will identify and make the initial contact with potential participants, and 
consent will be obtained in the home rather than the Clerkenwell Building. 
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2.1.3 Students and staff participants 
All students and staff from the Clerkenwell Building will be invited to participate by poster 
adverts and will receive information sheets on request; students and staff of UCL will receive 
their invitation in a generic e-mail with an attached PIS. They will all need to contact the 
investigators to register their interest in participation in the study and direct all their questions 
to them. They will also be required to sign consent forms in the same way as other participants. 
 
Recruitment will continue until sufficient data have been gathered; the number of participants 
needed is expected to be about 20, and will not exceed 30. The participants will be split equally 
into two groups (18-64 yrs and 65 yrs +), but no precise figure is possible due to the exploratory 
nature of this work. 
 
 
 
 
Figure 1: Image of forearm skin: people with MORE hair on the underside of their forearm than 
shown in the photo above will NOT be considered for participation in the study. 
 
2.2 Experimental methodology 
The experimental methodology presented here is mainly the result of work by Rebecca Wong 
(WKRW) on volar forearm skin. WKRW did very similar experiments but she focused on young 
female subjects, whereas in this study, people of all ages (above 18) and both genders are 
considered. Methodology used by WKRW has been adapted to address the aims set out in §1.2. 
All reasonable measures have been taken to anticipate any issues that may arise. The 
experimental methods required to achieve the objectives stated in §1.2 are detailed below. 
 
2.2.1 Dry friction 
Most measurements will take place on the participant's volar forearm in an environmentally 
(temperature and humidity) controlled room in the Department of Medical Physics and 
Bioengineering, UCL Archway Campus. It is not essential for the dry skin friction measurements 
to be taken in there, so measurements made at the nursing homes will not be affected by the 
lack of environment control. However, for convenience, measurements will be taken in the 
department for all other participants. 
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For consistency: Baseline measurements of trans-epidermal water loss (TEWL) on the 
volunteers' arm will be taken with an evaporimetry device in order to help us to make 
conclusions about the friction values produced by their skin with nonwoven fabrics. This 
is because we know that skin hydration affects friction values and some people's skin may 
naturally lose water at a faster rate than others' [5]. The instrument used is non-invasive 
and consists of a small probe, which will be placed gently on the skin and will remain in 
position for approximately 3 minutes for baseline measurements. 
 
In the nursing home, the temperature of the room will also be measured, using a standard 
commercially available room thermometer, so that these friction measurements can be 
fairly compared with those made in the environmentally controlled room. Photographs of 
the volunteers' arm will be taken in order to characterise the surface wrinkling and 
topography of the skin. This will be performed in good lighting conditions with a high-
resolution digital camera. 
 
For skin friction measurements: The skin friction measurements will be carried out using a 
piece of equipment called a Tensometer (MTT175 Miniature Tensile Tester, Dia-Stron 
Ltd.), which has an armrest to position and support the participant's arm. A strip of 
nonwoven fabric (similar to the stay-dry topsheet of a pad) with a light weight (no more 
than 100g) attached will be pulled across the skin by the Tensometer, while the same 
machine measures the force required to do this and the distance the material moves. 
 
Skin friction measurements will be taken on the volunteers' dry arm under various loads 
and repeated at least three times. Each friction test will be video recorded in order to 
demonstrate any gross physical differences between participants' skin in the study. 
Photographs will also be taken of the participant’s volar forearm before and after the 
measurements. 
 
2.2.2 Wet friction 
Friction measurements on over-hydrated (wet) skin will be carried out as described above, but 
prior to carrying out the experiment, the arm and/or nonwoven fabric will be hydrated. 
Hydrating the skin may take up to 20 minutes each time and hydrating the fabric will take no 
longer than 10 seconds. Each friction measurement will take up to 1 minute and TEWL may be 
measured between each of these or just at the end, depending on the individual participant. 
 
2.3 Health and safety 
Both investigators have had the appropriate training and experience to use the equipment 
(described in this protocol) proficiently, and have tested this method on models many times. 
 
There is a very low chance that participants may present with reddening of the skin or a rash as 
a result of contact with the nonwoven fabric, but should this persist or occur repeatedly, 
medical advice will be sought. A similar study (involving the same measurements with the same 
materials) has been carried out successfully with no sign of adverse skin reactions. 
 
The arm rest was specifically designed to support an arm comfortably and the chair on which 
the participant sits will be adjusted to suit the comfort of the individual. (The chair will have a 
backrest, armrests and adjustable height for both safety and comfort.) 
 
No significant health and safety issues are raised by this study. Typical laboratory risks still 
apply - such as chemical, mechanical and electrical hazards - but this will be managed by good 
laboratory practice. Chemicals are stored safely in locked cupboards and participants will not 
come into direct contact with any dangerous electrical equipment. 
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2.4 Projected timing 
The purposes of this section are to clarify the timings of participant recruitment and experiment 
completion, and to give an approximate guide to the start and end dates of the work. This work 
is expected to start immediately after ethics approval has been obtained. Participants will be 
recruited throughout the study from all 'groups' (i.e. incontinence clinic, nursing home, students 
and staff from Clerkenwell Building, students and staff from UCL). Students and staff in the 
Clerkenwell Building are most available to receive information and will therefore most likely be 
recruited first, having been given a PIS. All potential participants will have had a period of at 
least 24 hours to consider whether or not to take part. This means that experiments may go 
ahead the following day for Clerkenwell Building staff and student participants. 
 
Patients from JML's clinic will have a longer period between first receiving information and 
actually taking part. This depends on the gap between appointments (typically 8-12 weeks), as 
some patient participants will prefer to take part on the same day as an appointment for their 
convenience. However, those who prefer not to do this can participate sooner. Investigators will 
travel to the nursing home to take measurements on residents there, in which case the time 
between residents receiving information and participating will depend mainly on the daily 
schedule at the home. While it is not possible to specify an end date for this study, the work will 
continue until at least the minimum amount of data has been collected from the minimum 
number of participants. It is estimated that it will take up to the end of September 2013. 
 
 
3 Ethics 
This study involves interaction between the investigators and participants prior to, during and 
sometimes after experiments. This is because all participants will need to arrange a time and 
date with the investigators for the friction measurements to be taken, and this may need to be 
repeated. 
 
In consequence of this, the primary ethical requirement is to obtain informed consent from 
participants. As described in §2.1, this will be managed by the investigators. At least 24 hours 
will be given to the prospective participants in which to consider the information, before they 
are given the opportunity to take part when written consent is sought (§2.1). 
 
The data obtained by the experiments will have an alphanumeric code and will be entirely 
untraceable to the participant, but will be kept on password-secure computers. Minimal 
personal details will be kept in separate files containing information such as gender, ethnicity, 
and age of the participant, as well as a general description of the condition of the skin. These 
files will also be stored on password-secure computers in either the laboratory or office, both of 
which have code-locked doors. Our practice with experimental data of this type is to keep them 
in long term storage for 20 years with personal data in separate files. 
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4 Expertise 
Prof. Alan Cottenden is a Medical Physicist with over 25 years' experience working on 
incontinence technology. He has managed, directed, or participated in around 25 clinical trials 
of incontinence products and clinical studies involving in vivo measurements on skin. 
 
Sabrina Falloon is a PhD student in the Continence and Skin Technology Group, a joint venture 
of the departments of Medical Physics & Bioengineering and Medicine at UCL. Her previous 
training is in medical engineering. Her first supervisor is Alan Cottenden. 
 
Prof. James Malone-Lee is Professor of Medicine at University College London, and has been 
working on incontinence for about 25 years. In this time he has overseen 15 clinical trials, and 
has considerable experience in this respect. 
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University College London Continence & Skin Technology Group 
study into friction between volar forearm skin and nonwoven 
fabrics 
Participant Information Sheet: Outpatients 
(1 August 2011 Version 1.5) 
What is the purpose of this study? 
 
People who use sanitary towels or incontinence pads sometimes get sore skin caused by 
friction (rubbing) against the surface of the pads. We need to understand how this friction 
occurs in order to develop pads which are kinder to the skin. 
 
The purpose of this study is to find out how the friction between the skin and the fabric 
which forms the surface of the pads works.  
Who is organising and funding the study? 
 
This study is organised by research staff at University College London. The study is funded by 
SCA Hygiene Products AB (a pad manufacturer) and University College London. 
Why have I been chosen? 
 
We need up to 30 volunteers to take part in this study. We know that different people’s skin 
reacts differently to fabrics, therefore we need to measure friction on men and women of 
different ages. These tests will tell us if some fabrics cause more friction than others. This 
knowledge will ultimately help pad manufacturers to develop pads that are kinder to the 
skin. 
University College London  
Department of Medical Physics and Bioengineering 
Continence & Skin Technology Group 
 
Archway Campus 
Clerkenwell Building 
Highgate Hill 
London 
N19 5LW 
England 
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What types of experiments will you be doing? 
 
The experiments we will be doing will measure the force needed to make fabric slide over 
your skin. You will be asked to sit with your arm supported on an arm rest as shown in the 
photograph below. The fabric will be pulled gently and slowly across your arm by a device 
called a tensometer. Each test will take less than one minute and will be repeated several 
times. You will be asked to keep your arm as still as possible during the tests. 
 
 
 
We will also measure water loss from your skin which can affect friction. 
 
We may need to dampen your skin and/or the fabric as we would like to know more about 
the effect of moisture on friction. 
 
A photograph of your arm will be taken before and after each test. A video record will be 
made as the strips of fabric are being pulled across your arm. Only your forearm, the fabric 
and equipment will in the shot. It will not be possible to see your face. 
 
Skin moisture can be affected by how relaxed or excited you feel, so reading material and 
videos will be provided to help you relax during the tests. You are also welcome to read a 
book or magazine, or watch a DVD of your own choice. 
 
In total the tests will take approximately two hours including breaks. Depending on the 
results obtained, we may have to repeat the tests at a later date; this would be no later than 
6 months after the initial tests. It is unlikely that you will be required to participate for a third 
time. 
 
tensometer 
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weight 
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Research Ethics Committee Application: Volar forearm friction study protocol 142
Page 3 of 4 
 
The tests will be done at our department on the 3rd floor of the Clerkenwell Building. We will 
arrange the tests for a day that is convenient for you. This could be when you are coming to 
see Professor Malone-Lee. If it does not coincide with a clinic appointment, we will pay your 
travel costs. 
Do I have to take part? 
 
No, you do not have to take part. You do not have to give a reason and it will not affect your 
care in any way. 
 
What if I change my mind? 
 
You are free to change your mind and withdraw from the study at any time up to or during 
your participation. 
What are the possible disadvantages or risks of taking part? 
 
If your skin is sensitive to the fabrics, you may experience some minor irritation where the 
fabric touches your skin. There are no other anticipated risks or side effects associated with 
taking part in this study. 
What are the possible benefits of taking part? 
 
There are no immediate or direct benefits to you from taking part. Longer term, you and/or 
others may benefit from any improvements to fabrics that are used in incontinence pads and 
sanitary towels as a result of this study. 
Confidentiality 
 
Your participation in this study will not involve accessing any of your medical information. 
Only your name and age will be passed to us from the outpatients staff. Results from this 
study will be made anonymous so they cannot be linked to you. Your GP will be informed of 
your participation in the study only if you consent to this. 
What will happen to the results of the study? 
 
Results from the study will be published widely (in print/conferences) but will be completely 
anonymous and untraceable back to you. Your personal details will be stored securely and 
separately from the results gathered from the tests in accordance with the University’s policy. 
A summary of the results will be sent to you after the completion of the work. 
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What happens if something goes wrong? 
 
If you have a concern about any aspect of this study, you should ask to speak to the 
researchers who will do their best to answer your questions (contact details at the end of this 
document). If you remain unhappy and wish to complain formally, you can do this through 
the NHS Complaints Procedure (or Private Institution). Details can be obtained from the 
hospital. 
Who has reviewed the study? 
 
The study has received ethics approval from the London Stanmore Research Ethics 
Committee. 
What happens next? 
 
Any questions you may have should be answered satisfactorily by the researchers. If you wish 
to take part, you will be asked to sign a consent form. You will be given a copy of the signed 
consent form. 
 
Thank you very much for your help. 
 
Sabrina Falloon 
Tel: 020 7288 3771 
E-mail: sabrina.falloon.10@ucl.ac.uk  
 
Vasileios Asimakopoulos 
Tel: 020 7288 5150 
E-mail: v.asimakopoulos@ucl.ac.uk 
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University College London Continence & Skin Technology Group 
study into friction between volar forearm skin and nonwoven 
fabrics 
Participant Information Sheet: Nursing Home Residents 
(1 August 2011 Version 1.6) 
What is the purpose of this study? 
 
People who use sanitary towels or incontinence pads sometimes get sore skin caused by 
friction (rubbing) against the surface of the pads. We need to understand how this friction 
occurs in order to develop pads which are kinder to the skin. 
 
The purpose of this study is to find out how the friction between the skin and the fabric 
which forms the surface of the pads works.  
Who is organising and funding the study? 
 
This study is organised by research staff at University College London. The study is funded by 
SCA Hygiene Products AB (a pad manufacturer) and University College London. 
Why have I been chosen? 
 
We need up to 30 volunteers to take part in this study. We know that different people’s skin 
reacts differently to fabrics, therefore we need to measure friction on men and women of 
different ages. These tests will tell us if some fabrics cause more friction than others. This 
knowledge will ultimately help pad manufacturers to develop pads that are kinder to the 
skin. 
University College London  
Department of Medical Physics and Bioengineering 
Continence & Skin Technology Group 
 
Archway Campus 
Clerkenwell Building 
Highgate Hill 
London 
N19 5LW 
England 
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What types of experiments will you be doing? 
 
The experiments we will be doing will measure the force needed to make fabric slide over 
your skin. You will be asked to sit with your arm supported on an arm rest as shown in the 
photograph below. The fabric will be pulled gently and slowly across your arm by a device 
called a tensometer. Each test will take less than one minute and will be repeated several 
times. You will be asked to keep your arm as still as possible during the tests. 
 
 
 
We will also measure water loss from your skin which can affect friction. 
 
A photograph of your arm will be taken before and after each test. A video record will be 
made as the strips of fabric are being pulled across your arm. Only your forearm, the fabric 
and equipment will in the shot. It will not be possible to see your face. 
 
Skin moisture can be affected by how relaxed or excited you feel, so reading material and 
videos will be provided to help you relax during the tests. You are also welcome to read a 
book or magazine, or watch a DVD of your own choice. 
 
In total the tests will take approximately two hours including breaks. Depending on the 
results obtained, we may have to repeat the tests at a later date; this would be no later than 
6 months after the initial tests. It is unlikely that you will be required to participate for a third 
time. 
 
The tests will be done at Cheverton Lodge Nursing Home. You will not have to leave the 
nursing home to take part in this study. 
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Do I have to take part? 
 
No, you do not have to take part. You do not have to give a reason and it will not affect your 
care in any way. 
What if I change my mind? 
 
You are free to change your mind and withdraw from the study at any time up to or during 
your participation.  
What are the possible disadvantages or risks of taking part? 
 
If your skin is sensitive to the fabrics, you may experience some minor irritation where the 
fabric touches your skin. There are no other anticipated risks or side effects associated with 
taking part in this study. 
What are the possible benefits of taking part? 
 
There are no immediate or direct benefits to you from taking part. Longer term, you and/or 
others may benefit from any improvements to fabrics that are used in incontinence pads and 
sanitary towels as a result of this study. 
Confidentiality 
 
Your participation in this study will not involve accessing any of your medical information. 
Only your name and age will be passed to us from your nursing home manager. Results from 
this study will be made anonymous so they cannot be linked to you. Your GP will be 
informed of your participation in the study only if you consent to this. 
What will happen to the results of the study? 
 
Results from the study will be published widely (in print/conferences) but will be completely 
anonymous and untraceable back to you. Your personal details will be stored securely and 
separately from the results gathered from the tests in accordance with the University’s policy. 
A summary of the results will be sent to you after the completion of the work. 
What happens if something goes wrong? 
 
If you have concerns about any aspect of this study, please contact one of the researchers 
(see details below). If you are unhappy with the way you have been dealt with, or in the 
unlikely event that you suffer any harm, please speak to your nursing home manager.  
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Who has reviewed the study? 
 
The study has received ethics approval from the London Stanmore Research Ethics 
Committee. 
What happens next? 
 
Any questions you may have should be answered satisfactorily by the researchers. If you wish 
to take part, you will be asked to sign a consent form. You will be given a copy of the signed 
consent form. 
 
Thank you very much for your help. 
 
Sabrina Falloon 
Tel: 020 7288 3771 
E-mail: sabrina.falloon.10@ucl.ac.uk  
 
Vasileios Asimakopoulos 
Tel: 020 7288 5150 
E-mail: v.asimakopoulos@ucl.ac.uk 
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University College London Continence & Skin Technology Group 
study into friction between volar forearm skin and nonwoven 
fabrics 
Participant Information Sheet: Students & staff 
(1 August 2011 Version 1.4) 
What is the purpose of this study? 
 
People who use sanitary towels or incontinence pads sometimes get sore skin caused by 
friction (rubbing) against the surface of the pads. We need to understand how this friction 
occurs in order to develop pads which are kinder to the skin. 
 
The purpose of this study is to find out how the friction between the skin and the fabric 
which forms the surface of the pads works.  
Who is organising and funding the study? 
 
This study is organised by research staff at University College London. The study is funded by 
SCA Hygiene Products AB (a pad manufacturer) and University College London. 
Why have I been chosen? 
 
We need up to 30 volunteers to take part in this study. We know that different people’s skin 
reacts differently to fabrics, therefore we need to measure friction on men and women of 
different ages. These tests will tell us if some fabrics cause more friction than others. This 
knowledge will ultimately help pad manufacturers to develop pads that are kinder to the 
skin. 
University College London  
Department of Medical Physics and Bioengineering 
Continence & Skin Technology Group 
 
Archway Campus 
Clerkenwell Building 
Highgate Hill 
London 
N19 5LW 
England 
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What types of experiments will you be doing? 
 
The experiments we will be doing will measure the force needed to make fabric slide over 
your skin. You will be asked to sit with your arm supported on an arm rest as shown in the 
photograph below. The fabric will be pulled gently and slowly across your arm by a device 
called a tensometer. Each test will take less than one minute and will be repeated several 
times. You will be asked to keep your arm as still as possible during the tests. 
 
 
 
We will also measure water loss from your skin which can affect friction. 
 
We may need to dampen your skin and/or the fabric as we would like to know more about 
the effect of moisture on friction. 
 
A photograph of your arm will be taken before and after each test. A video record will be 
made as the strips of fabric are being pulled across your arm. Only your forearm, the fabric 
and equipment will in the shot. It will not be possible to see your face. 
 
Skin moisture can be affected by how relaxed or excited you feel, so reading material and 
videos will be provided to help you relax during the tests. You are also welcome to read a 
book or magazine, or watch a DVD of your own choice. 
 
In total the tests will take approximately two hours including breaks. Depending on the 
results obtained, we may have to repeat the tests at a later date; this would be no later than 
6 months after the initial tests. It is unlikely that you will be required to participate for a third 
time. 
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The tests will be done at our department (see address at the top of page 1). If you are not 
already expecting to come to the Archway Campus on the day that you participate, your 
travel costs will be reimbursed. 
Do I have to take part? 
 
No, you do not have to take part. You do not have to give a reason. 
 
 
What if I change my mind? 
 
You are free to change your mind and withdraw from the study at any time up to or during 
your participation. 
What are the possible disadvantages or risks of taking part? 
 
If your skin is sensitive to the fabrics, you may experience some minor irritation where the 
fabric touches your skin. There are no other anticipated risks or side effects associated with 
taking part in this study. 
What are the possible benefits of taking part? 
 
There are no immediate or direct benefits to you from taking part. Longer term, you and/or 
others may benefit from any improvements to fabrics that are used in incontinence pads and 
sanitary towels as a result of this study. 
Confidentiality 
 
Your participation in this study will not involve accessing any of your medical information. 
Results from this study will be made anonymous so they cannot be linked to you. 
What will happen to the results of the study? 
 
Results from the study will be published widely (in print/conferences) but will be completely 
anonymous and untraceable back to you. Your personal details will be stored securely and 
separately from the results gathered from the tests in accordance with the University’s policy. 
A summary of the results will be sent to you after the completion of the work. 
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What happens if something goes wrong? 
 
If you have a concern about any aspect of this study, you should ask to speak to the 
researchers who will do their best to answer your questions (contact details at the end of this 
document). If you remain unhappy and wish to complain formally, please contact the Chief 
Investigator, Professor Alan Cottenden, who will forward your complaint to the appropriate 
person. You can contact him at: 
 
3rd floor, Clerkenwell Building 
Highgate Hill 
London 
N19 5LW 
Tel: 020 7288 5670 
Who has reviewed the study? 
 
The study has received ethics approval from the London Stanmore Research Ethics 
Committee. 
What happens next? 
 
Any questions you may have should be answered satisfactorily by the researchers. If you wish 
to take part, you will be asked to sign a consent form. You will be given a copy of the signed 
consent form. 
 
Thank you very much for your help. 
 
Sabrina Falloon 
Tel: 020 7288 3771 
E-mail: sabrina.falloon.10@ucl.ac.uk  
 
Vasileios Asimakopoulos 
Tel: 020 7288 5150 
E-mail: v.asimakopoulos@ucl.ac.uk 
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<<GP NAME>> 
<<GP ADDRESS>> 
 
<<DATE>> 
 
Version 1.3 
 
Re.: <<PATIENT NAME>> - Notification of participation in a study of friction between volar 
forearm skin and nonwoven fabrics 
 
Dear <<GP NAME>>, 
 
The above named patient has consented to take part in a study on friction at the interface of volar 
forearm skin and nonwoven fabrics (the kind routinely used as coverstocks on incontinence pads, 
diapers and sanitary towels). This study is being carried out by the Continence and Skin Technology 
Group at University College London as part of two individual PhD projects. It is funded by UCL 
and SCA Hygiene Products AB in Sweden, and has been approved by London Stanmore Research 
Ethics Committee. 
 
Each participant will have a strip of nonwoven fabric pulled across their volar forearm by a 
Tensometer (pulling machine), while a computer simultaneously measures friction forces between 
the fabric and skin. All procedures are non-invasive and participants are free to withdraw from the 
study at any time. 
 
Please do not hesitate to contact either of the investigators for any further information or if you have 
any concerns regarding your patient’s participation. 
 
Thank you for your support in this venture. 
 
Yours sincerely, 
 
 
 
 
Sabrina Falloon, MEng, AMIMechE 
PhD Student / Investigator 
 
Tel: 020 7288 3771 
E-mail: sabrina.falloon.10@ucl.ac.uk 
Vasileios Asimakopoulos, BSc, MSc 
PhD Student / Investigator 
 
Tel: 020 7288 5150 
E-mail: v.asimakopoulos@ucl.ac.uk 
 
UNIVERSITY COLLEGE LONDON 
DEPARTMENT OF MEDICAL PHYSICS AND BIOENGINEERING 
 
Continence and Skin Technology Group 
3rd Floor, Clerkenwell Building 
Archway Campus 
Highgate Hill 
London 
N19 5LW 
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University College London Continence & Skin Technology Group study into 
friction between volar forearm skin and nonwoven fabrics 
Participant consent form: Outpatients – confidential 
(prepared 1 August 2011, Version 1.8) 
 
Chief Investigator's name: Alan Cottenden 
 
Chief Investigator's address: Continence & Skin Technology Group, Third Floor, Clerkenwell Building, 
Highgate Hill, London N19 5LW 
 
To be completed by the participant: 
 
1. I have read the participant information sheet (version 1.5, dated 01/08/2011) 
about the study that was given to me. 
 
2. I have been given enough information about the study and all my questions 
have been given a satisfactory answer. 
 
 
  
Member of staff providing information       Position       
 
 
3. I understand that my participation is voluntary and that I am free to withdraw at 
any time without giving any reason, without my medical care or legal rights 
being affected. 
 
4. I consent to audio visual recordings and photographs of my forearm being 
taken for this study. 
5. I agree to the investigators sending a letter to my GP about my participation.* 
 
6. I agree to take part in the study.   
 
*Giving consent to this part is not required for participation in the study. 
 
 
Participant: 
 
Signature:  
 
Print name:  
 
Date:  
Person taking consent: 
 
Signature:  
 
Print name:  
 
Position:  
 
Date:  
 
Please initial 
the box: 
UCL Department of Medical Physics and Bioengineering 
Continence & Skin Technology Group 
 
Archway Campus 
3
rd
 floor, Clerkenwell Building 
Highgate Hill 
London 
N19 5LW 
Research Ethics Committee Application: Volar forearm friction study protocol 154
 When complete: one copy for participant; one copy to go in participant’s care notes; original to go in study notes. 
 
 
University College London Continence & Skin Technology Group study into 
friction between volar forearm skin and nonwoven fabrics 
Participant consent form: Nursing Home Residents – confidential 
(prepared 1 August 2011, Version 1.5) 
 
Chief Investigator's name: Alan Cottenden 
 
Chief Investigator's address: Continence & Skin Technology Group, Third Floor, Clerkenwell Building, 
Highgate Hill, London N19 5LW 
 
To be completed by the participant: 
 
1. I have read the participant information sheet (version 1.6, dated 01/08/2011) 
about the study that was given to me. 
 
2. I have been given enough information about the study and all my questions 
have been given a satisfactory answer. 
 
    
             
Member of staff providing information       Position       
X          
 
3. I understand that my participation is voluntary and that I am free to withdraw at 
any time without giving any reason, without my medical care or legal rights 
being affected. 
4. I consent to audio visual recordings and photographs of my forearm being 
taken for this study. 
5. I agree to the investigators sending a letter to my GP about my participation.* 
 
6. I agree to take part in the study.  
 
*Giving consent to this part is not required for participation in the study. 
 
 
Participant: 
 
Signature:  
 
Print name:  
 
Date:  
Person taking consent: 
 
Signature: X 
 
Print name: x 
 
Position: X 
 
Date: x 
 
Please initial 
the box: 
UCL Department of Medical Physics and Bioengineering 
Continence & Skin Technology Group 
 
Archway Campus 
3
rd
 floor, Clerkenwell Building 
Highgate Hill 
London 
N19 5LW 
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University College London Continence & Skin Technology Group study into 
friction between volar forearm skin and nonwoven fabrics 
Participant consent form: Students & staff – confidential 
(prepared 1 August 2011, Version 1.5) 
 
Chief Investigator's name: Alan Cottenden 
 
Chief Investigator's address: Continence & Skin Technology Group, Third Floor, Clerkenwell Building, 
Highgate Hill, London N19 5LW 
 
To be completed by the participant: 
 
1. I have read the participant information sheet (version 1.4, dated 01/08/2011) 
about the study that was given to me. 
 
2. I have been given enough information about the study and all my questions 
have been given a satisfactory answer. 
 
    
             
Member of staff providing information       Position         
 
 
3. I understand that my participation is voluntary and that I am free to withdraw at 
any time without giving any reason, without my medical care or legal rights 
being affected. 
4. I consent to audio visual recordings and photographs of my forearm being 
taken for this study. 
 
5. I agree to take part in the study.  
 
 
 
Participant: 
 
Signature:  
 
Print name:  
 
Date:  
Person taking consent: 
 
Signature:  
 
Print name:  
 
Position:  
 
Date:  
 
Please initial 
the box: 
UCL Department of Medical Physics and Bioengineering 
Continence & Skin Technology Group 
 
Archway Campus 
3
rd
 floor, Clerkenwell Building 
Highgate Hill 
London 
N19 5LW 
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Continence and Skin Technology Group study of 
friction between nonwoven fabrics and human skin 
Volunteers needed! 
TO ALL STAFF AND STUDENTS: 
 
We are two PhD students carrying out a study on friction between human skin and 
nonwoven fabrics (the kind used as coverstocks on incontinence pads, diapers and 
sanitary towels) in order to better understand interaction between the two. It is an-
ticipated that the results of this study will contribute to the improvement of non-
woven fabrics, making them more ‘skin-friendly’. 
 
We need 10 volunteers between the ages of 18 and 64 years to take part and we 
are hoping that you will be one of them! Your participation would involve sitting in 
a our lab while we make measurements on your volar forearm (underside of your 
lower arm). See photograph below. This would be done in no more than two 2-hour 
sessions and you are welcome to bring a book or DVD to pass the time! 
 
If you are interested in taking part, please contact one of us in person, by phone 
or by e-mail and ask for an information sheet! 
 
 
 
 
 
 
 
 
 
Many thanks, 
Sabrina and Vasileios 
 
020 7288 3771 - sabrina.falloon.10@ucl.ac.uk / 020 7288 5150 - v.asimakopoulos@ucl.ac.uk 
University College London 
Department of Medical Physics & Bioengineering 
 
3rd Floor, Clerkenwell Building 
Archway Campus 
Highgate Hill 
London 
N19 5LW 
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Version 1.2 
 
 
 
Dear all, 
 
We are two PhD students carrying out a study on friction between human skin and 
nonwoven fabrics (the kind used as coverstocks on incontinence pads and sanitary towels) in 
order to better understand interaction between the two. It is anticipated that the results of 
this study will contribute to the improvement of nonwoven fabrics, making them more ‘skin-
friendly’. 
 
We need 10 volunteers between the ages of 18 and 64 years to take part and we are 
hoping that you will be one of them! Your participation would involve coming to the 
Archway Campus of UCL and sitting in a room while we make measurements on your volar 
forearm (underside of your lower arm). This would be done in no more than two 2-hour 
sessions and you are welcome to bring a book or DVD to pass the time! 
 
All travel costs will be reimbursed and refreshments will be provided! If you are interested in 
taking part, please read the information sheet attached to this e-mail and then send an e-
mail to sabrina.falloon.10@ucl.ac.uk or v.asimakopoulos@ucl.ac.uk, or call one of the 
numbers at the bottom of this message. 
 
Many thanks, 
 
Sabrina and Vasileios 
 
---------------------------------------- 
---------------------------------------- 
Continence & Skin Technology Group 
Archway Campus 
University College London 
+44(0)20 7288 3771 / +44(0)20 7288 5150 
---------------------------------------- 
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AĕĕĊēĉĎĝ C
OėĉĊė Ĕċ đĔĆĉ ĆĕĕđĎĈĆęĎĔē: ěĔđĆė ċĔėĊĆėĒ
ċėĎĈęĎĔē
NĔėĒĆđ đĔĆĉĘ ĜĊėĊ ĆĕĕđĎĊĉ to the volar forearm during preliminary friction experiments (as de-scribed in §4.1.1.1) in the order shown in table C.1.
Table C.1: Order of load application for each nonwoven sample
Nonwoven 0.30N 0.48N 0.99N
SF1 1 3 2
SF2 2 1 3
SF3 1 2 3
SF7 2 3 1
SF9 2 1 3
SF10 3 1 2
SF11 3 2 1
SF12 1 1 2
SF14 2 1 3
SF15 2 3 1
SF16 1 3 2
SF17 1 2 3
SF18 3 2 1
SF2 3 1 2
SF1 - 1 -
159
AĕĕĊēĉĎĝ D
A ċĚđđ ĘĊę Ĕċ ĉėĞ ċėĎĈęĎĔē ĉĆęĆ: ĒĆĝĎĒĚĒ
ęĊēĘĔĒĊęĊė ċĔėĈĊ ěĘ ĆĕĕđĎĊĉ đĔĆĉ
Ađđ ęčĊ ČėĆĕčĘ ofmaximum tensometer force against applied load fromdry frictionmeasurementswith volar forearm skin have been included in this chapter. Maximum tensometer forces were
identiϐied as the ϐirst peakon force-displacement graphs (static friction force) andwere correctedwhen
the angle of arc of contact, between the volar forearm and the strip of nonwoven fabric, was less than
or greater than 90o. The gradients of the graphs in this chapter (and the angles of arc of contact) were
later used in equation 2.7 to calculate the coefϐicients of static friction. (Note that the code under each
graph is the participant code – see table 4.2 for more details.)
(a) AD02
Figure D.1: Maximum tensometer force against applied load for all nonwovens and study participants. Contin-
ues…
160
A full set of dry friction data: maximum tensometer force vs applied load 161
(b)MM03 – circled data point was anomalous (incorrect load application)
(c)MS04
Figure D.1: Continues.
A full set of dry friction data: maximum tensometer force vs applied load 162
(d) RJ05
(e) SF06
Figure D.1: Continues.
A full set of dry friction data: maximum tensometer force vs applied load 163
(f) HJ07
(g)MD08
Figure D.1: Continues.
A full set of dry friction data: maximum tensometer force vs applied load 164
(h) JJ09
(i) DJ10
Figure D.1: Continues.
A full set of dry friction data: maximum tensometer force vs applied load 165
(j) AB11
(k)MG12
Figure D.1: Continues.
A full set of dry friction data: maximum tensometer force vs applied load 166
(l) KG13
(m)MT14
Figure D.1: Continues.
A full set of dry friction data: maximum tensometer force vs applied load 167
(n) DA15
(o) LC16
Figure D.1: Continues.
A full set of dry friction data: maximum tensometer force vs applied load 168
(p)MH17
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Figure D.1: Continues.
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Figure D.1: Continued.
AĕĕĊēĉĎĝ E
A ċĚđđ ĘĊę Ĕċ ĜĊę ċėĎĈęĎĔē ĉĆęĆ: ĒĊĆĘĚėĎēČ
ċėĎĈęĎĔē ĆĘ Ć ċĚēĈęĎĔē Ĕċ ĘĐĎē ĜĊęēĊĘĘ
(ČėĊĞĘĈĆđĊ)
This appendix has been removed due to its commercially sensitive content. It will be made available in
the full version of this thesis, which will be published at a later date.
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AĕĕĊēĉĎĝ F
PėĔĈĊĘĘĎēČ Ĕċ ċĎćėĊ ċĔĔęĕėĎēę ĎĒĆČĊĘ
AĘ ĊĝĕđĆĎēĊĉ Ďē ĈčĆĕęĊė 6, there are many steps to processing ϐibre footprint images for analysis.The ϐirst involves the use of a MATLAB code to enhance the ϐibres that are in focus in the micro-
graph and is described in more detail in §F.1. The last uses a BASH script to produce Bézier curves,
that represent ϐibre contacts, and their corresponding length values; this is explained in §F.2. All other
steps in between (tracing, scanning, cropping and cleaning the image of artefacts that were introduced
during tracing or scanning) were described in sufϐicient detail in chapter 6 (§6.1.2.3).
F.1 Enhancing raw micrographs
In order to facilitate the tracing of ϐibre segments in focus in the micrograph, it is necessary to create
an image ϐile in which such segments would be considerably clearer (with sharper edges) relative to
all other ϐibres partially visible in the image. This is done by applying the code in ϐigure F.1 to each
micrograph (saved in TIF format) using MATLAB software.
Figure F.1: MATLAB code used to enhance raw TIFF images of ϐibre footprints collected using the microscope.
The green channel is selected and the modulus of the gradient is written into a new TIFF ϐile. This code was
created and ϐirst used by Cottenden [4].
F.2 Extracting the numerical data
Following the completion of the step described in §F.1 and all subsequent steps that lead to the produc-
tion of a “clean” bitmap image, the curves representing ϐibre contacts (all of which are a single colour)
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are quantiϐied in terms of their lengths and mean curvatures [4]. The name of the bitmap ϐile is in-
serted into the BASH script – displayed in ϐigure F.2 – and the output is an Encapsulated PostScript
(EPS) image ϐile and corresponding numerical data. The BASH script displayed here is a rather sim-
ple description of the full code, but essentially summarises how it works, which involves running two
different programmes consecutively: AutoTrace, then epstodist.
AutoTrace is the freely accessible programme that is implemented to ϐit Bézier curves to the input
(bitmap) ϐile and save the output in the EPS format. Cottenden [4] wrote a basic library in C++, which
was used to create the epstodist programme that extracts ϐibre contact length and mean curvature val-
ues from the EPS ϐile produced in AutoTrace. The EPS ϐile contains a preamble (including various arti-
cles ofmetadata and some other information) and several “strokes” (representing individual ϐibre con-
tacts) that have associated information on their start and end points and shapes [4]. When epstodist
is run on this ϐile type, it creates its own stroke objects, for which it then computes arbitrary length
and mean curvature values. A text ϐile, containing these data, is automatically produced and then the
arbitrary values are converted to their real lengths and curvatures in Microsoft Excel (or other data
processing software). This is done by drawing a straight line of known length (i.e. the same width
or height as the micrograph) on the tracing and determining the conversion factor from the true and
arbitrary lengths.
Figure F.2: Simple BASH script run on a bitmap image of a ϐibre footprint that was “cleaned” as described in step
5 of ϐigure 6.3. It converts this image into an EPS ϐile of Bézier curves and then produces a set of individual ϐibre
contact lengths and mean curvatures. This code was created and ϐirst used by Cottenden [4].
AĕĕĊēĉĎĝ G
FėĎĈęĎĔē ĒĊĆĘĚėĊĒĊēęĘ Ĕē ĊĝĈĎĘĊĉ čĚĒĆē ĘĐĎē
A ĈĔēĘĎĉĊėĆćđĊ ĆĒĔĚēę Ĕċ ĊĝĕĊėĎĒĊēęĆđ ĜĔėĐ has been carried out using a skin surrogate (Lor-ica Soft) which produces consistent results in friction measurements, but in real situations, non-
woven fabrics are used against real skin. The results obtained so far have shown that Lorica Soft is
a suitable representative of real (volar forearm) skin in friction against a range of coverstocks when
predicting the relative friction forces for each nonwoven. While the comparison between data from
the skin surrogate and human skin in vivo has been useful, measurements on the volar forearm are
substantially affected by the underlying tissues, so it would be useful to examine friction and deforma-
tion of skin alone. A study of friction between excised skin and the same nonwoven fabrics used with
volar forearm skin was planned – and approved ethically – with the aim of providing an intermediate
between the friction on the skin surrogate and real skin in vivo. Preliminary measurements began on
skin from a small selection of participants, but the study ended early due to a slow and insufϐicient
supply of skin. Nonetheless, this appendix serves to describe the preliminary work that was carried
out, which may prove useful to any related future work.
The advantage of using skin ex vivo, rather than in vivo, is that is can be tested in a ϐlat conϐiguration
and until it hasworn or dried out, and it does notmove spontaneously. Breast skinwas speciϐically cho-
sen for use in these experiments as it is relatively smooth and hairless, and is sometimes available in
large quantities appropriate for makingmeasurements with the existing apparatus. As the anvils were
originally designed for the skin surrogate (as explained in chapter 3), it was also necessary to compare
its global compressive modulus with that of excised breast skin. This should give some insight into
the impact on measured friction force of using these anvils on skin. First, the the development of fric-
tion measurement techniques for excised skin and nonwoven fabrics will be described, including skin
preparation and the results and observations. Next the developed friction method will be described,
and ϐinally procedures for performing compression tests are summarised.
G.1 Friction measurements
G.1.1 Materials
Only two nonwoven fabrics (DC6 and NW31) were used in this experiment because it was expected
that the same correlation in results – or the lack thereof – for two nonwoven fabrics would apply to
all others. It is also expected that this would be evident in results from the chapter 3 – particularly
focusing on the range of forces and graph shapes within the entire group of all (16) nonwovens tested.
1This was a nonwoven used by Cottenden [4] in friction against Lorica Soft. It was not part of the subset of nonwovens
used against volar forearm skin, but these experiments began before the subset had been selected.
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The excised skin used was obtained during mastectomies on consenting breast cancer patients. (A
full copy of the ethics approval for this study, including information sheet and consent form, can be
found in appendixH.)Most (approx. 90%) of the subcutaneous fat initially attached to the skin samples
was removed by a surgeon before using them in the experiment. Each sample of skin was rinsed with
cold tap water and dabbed dry before use.
G.1.2 Methodology development
Preliminary experiments involved developing a method to attach the excised skin (two pieces - one
on each side) to a piece of acetate (table 3.2) and observing any common behaviour occurring during
friction tests. Details of this are explained below, followed by the ϐinalised method in §G.1.3.
G.1.2.1 Experimental procedure
Attaching skin to the slider:
1. A rectangular frame made from corrugated plastic was cut to size, so that the centre hole was
slightly smaller than the original skin dimensions (see ϐigure G.1).
2. Surgical tape was then attached to the rigid frame using double-sided tape – the idea being that
surgical tape adheres well to human skin but can also be removed with relative ease.
3. The skin was stretched to its original dimensions as marked when still attached to the patient,
and the edges were glued to surgical tape, stratum corneum-side down. (The purpose of the
frame was to maintain the skin in its extended state2 before attaching it to a sheet of acetate,
part of the experimental apparatus.)
4. Superglue was applied to the entire area of the subcutaneous side of the skin.
5. The acetate sheet was placed on it carefully and this was repeated for the piece of skin on the
opposite side.
6. Pressure was applied in the form of dead weights (200g) for a little over one hour.
Once the skin had been attached to the slider, the same general methodology described in §3.2.1
was applied to the excised skin. As the settings for each preliminary test were different (applied load
and tensometer crosshead speed), they have been summarised in the §G.1.2.2 for simplicity and clarity
(§G.1.2.2). Unlike the experiments with Lorica Soft, these could not be carried out in the environmen-
tally controlled roombecause of the use of human tissue. Instead, allwork on excised skinwas executed
in a laboratory licensed for testing of biological substances [Room 204, Research Laboratory, 2nd ϐloor,
Clerkenwell Building N19 5LW].
2When skin is removed from the body, it loses its natural resting tension and retracts to a much smaller size, curling
inwards and leaving very little of the subcutaneous side showing.
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Figure G.1: Diagram to illustrate materials used to mount skin on slider
G.1.2.2 Preliminary results
First, it should be noted that it is rather challenging to restore the original dimensions of the skin,
particularly in a direction parallel to the long sides of the samples. Considerably higher tensile forces
(which are not be quantiϐied here as it was not necessary to measure them) were required to deform
the skin samples across their width rather than length. It has been considered that the reason for this
may relate to orientation of the skin on the body, such that skin is said to be stiffer perpendicular to
the spine in the thoracic and abdominal regions, than it is parallel to the spine [35]. This is linked to
the directions of Langer’s lines on the body, which, for breast skin, implies that samples taken from the
edge of the breast will extend more perpendicular to the edge than parallel (see ϐigure 2.5). However,
this has not been found to be the case experimentally. It is also worth mentioning that double-sided
and surgical tapes are similarly adhesive – both stick well to skin but are detachable. Therefore, it is
not necessary to use both.
Below are the results of the friction measurements between a nonwoven fabric (NW3) and the ϐirst
two excised skin samples obtained. Here, the attachment of the skin pieces to the slider and their
ability to remain in position were the primary concerns. This was mostly successful, although the very
ϐirst sample did become partially detached from the slider, as shown by ϐigure G.2. It should be noted
that the methodology for the ϐirst two samples was not exactly as described previously; this is because
parts of the protocol had to be developed in order to ensure their practicality, such as attaching skin to
the slider. The preliminary experiments were also important for making initial observations about the
behaviour of the skin and its experimental implications.
Preliminary test 1
• Applied load: 2.6N (270g)
• Crosshead speed: 30mm min-1 (or 0:5mm  s-1)
• Nonwoven fabric: NW3
• Age and ethnicity of donor: 66 years, White European
• Size(s) of samples: 60mm 30mm and 80mm 30mm
Pre-friction observations Many issues arose with the use of this sample:
1. The skin had some long hairs protruding from it (not all of which could be removed completely).
2. Both pieces were extremely difϐicult to stretch back to their original size and one was narrower
– and too narrow for the anvils – than its pair once on the slider.
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Figure G.2: Photograph of skin attached to acetate sheet with one detached corner after measurements
3. The moist subcutaneous tissue made it particularly difϐicult to adhere to the acetate (slider), de-
spite multiple attempts to dry it. The rubber gloves (worn for health and safety reasons) came
into contact with the subcutaneous side several times, resulting in the loss of adhesive proper-
ties of the double-sided tape or surgical tape3. The effect was perhaps similar to that of contact
between sellotape and oil.
4. After attaching the skin to the acetate with super-glue (despite applying weights while the glue
set), the skin slowly began to shrink again from the edges inwards.
Practical issues: The slider caught the nut on the underside of the top face of the apparatus during
every cycle, after about 15-20mm displacement. This was not immediately obvious, but when noticed,
it was not possible to ϐix during the experiment and time restrictions meant that the experiment could
not be repeated. This event usually led to a sharp increase in force (see ϐigure G.3), and for some cycles,
the slider was almost completely removed from the tensometer grips. Unfortunately, the cause of the
anomaly in cycle 7 is unknown.
Friction measurement observations: During the experiment, there was more rucking of the skin than
expected. Thiswas to such an extent that for some cycles, the anvil appeared tomovenot very far across
the skin surface, and instead onlymovedwith the skin (sticking) for a distance of about 5-10mmbefore
moving across the skin surface (slipping). This corresponds with the initial “toe” region, where there
was a large increase in force over approximately 5mm, and the start of the next almost-linear region of
the graph.
3This was the tape used to adhere the edges of the upper (SC) side to a rigid frame (to make sure that the skin was
stretched to the correct size) before gluing the underside to the acetate.
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Figure G.3: Preliminary experiment 1
Preliminary test 2
• Applied load: 9.81N (1000g)
• Crosshead speed: 90mm min-1 (or 1:5mm  s-1)
• Nonwoven fabric: NW3
• Age and ethnicity of donor: 62 years, Black African
• Size(s) of samples: 60mm 30mm (both)
Pre-friction observations: This sample was not as difϐicult to handle as the ϐirst one. Both pieces of
skin were equal in size and were stretched to almost their original size when in tension on the body.
The anvils ϐit comfortably on the skin.
Practical issues: Unfortunately, the ϐirst friction cycle must be ignored because the slider slipped out
of the tensometer grips (which were not closed properly).
Frictionmeasurement observations: This sample of skin displayedmore rucking than the ϐirst sample,
which may have been due to the larger load applied or perhaps due to natural physical properties of
the donor’s skin that made it more ϐlexible or wrinkled.
A strange white substance began to appear on the skin after the third cycle. During the experiment,
it was initially thought that this substance may have been the nonwoven fabric “rubbing off” (rather
unexpected). However, upon further examination, it turned out to be desquamation (“ϐlaking off”) of
the stratum corneum cells. This sample was not exposed to the environment outside its container for
much longer than the ϐirst sample, so it is possible that this was simply a feature of the donor’s skin,
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Figure G.4: Preliminary experiment 2
causing it to dehydrate more quickly. Alternatively, the increased load and crosshead speed may have
been the key contributors to the ϐlaking of the skin.
Figure G.4 demonstrates the repeatability of the technique as the curves for each cycle are much
more similar, both in force magnitude and shape; overall a more successful attempt than the ϐirst pre-
liminary friction measurements on excised skin. Again, there was a sharp increase in friction force
during the ϐirst 5mmdisplacement, but this time, all curves (except for the anomalous cycle 1) reached
a plateau, with only a small peak toward the end. It is believed that the ϐinal peak related to edge effects:
continued rucking of the skin as the anvil reached the end of the set displacement, relatively close to
the proximal (tensometer) edge of the skin.
G.1.3 Developed methodology
It should ϐirst be mentioned that the methods presented in this section depended very much on the
results of the preliminary experiments, which were described in §G.1.2.2. As themethod for preparing
the skin and attaching it to the acetate sheet was very successful, it remained the same for subsequent
work. However, surgical tape was no longer used, for reasons explained in §G.1.2.2.
G.1.3.1 Experimental procedure
The next step was to explore the possibility of variation in the friction data over three applied normal
loads (0.25N, 2.6N and 8.1N). Tensometer crosshead speed was set at 1:5mm  s-1. Considering the
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interesting observations made throughout the preliminary experiments and the phenomenon occur-
ring within the ϐirst 10mm displacement, it was thought that video-recordings of each measurement
would be highly useful. The purpose of video-recording was to enable the association of characteris-
tic changes on the friction force-displacement curves with a visible physical variation. Therefore, all
measurements described here were recorded with a video camera [Sony Handycam DCR-SR52E, Sony
Corporation, Tokyo, Japan]. The skin and acetate were also marked along one edge (parallel to the ten-
someter pull direction) at the centre, and two other points on either side of the centre. It was expected
that this would provide some information about local deformation (tension and/or shear) in the skin
during friction measurements, particularly at the start of the measurement.
Details of the donor:
• Age (years): 64
• Ethnicity: Mixed (black and white)
• Size of samples: 40mm 40mm
• Condition of skin: Nodules of fat on subcutaneous side; few small hard lumps within dermis, not
visible to the naked eye.
G.1.3.2 Results
Only one sample (pair of pieces) of excised skinwas obtained for frictionmeasurements due to reasons
mentioned at the start of this chapter. Consequently, only a brief discussion of this data is included in
this section.
Looking at the toe region of the graph in ϐigure G.5 between 0.3 and 0.6N (within the ϐirst 5mm
displacement), curves are relatively linear; there is a clear, sharp increase in friction force for each cycle.
It appears that this was due to sticking between the skin and nonwoven fabric, during which no actual
relativemovement (slip) tookplace. Here, the anvilmovedwith the skin. These ϐirst 5mmdisplacement
induced the initial rucking,whichpersisted for the remainder of each friction cycle. Therewasnovisual
evidence (to the naked eye) of the stick-slipmechanism. However, when it is considered that the extent
of the rucking in the skin did not decrease and the anvil continued to move across the surface of the
skin, it would be expected that stick-slip existed on some smaller scale. This may have given rise to the
small variations in the region of the graph after 5mm, rather than noise from the tensometer alone.
The same applied to ϐigure G.6, except that the toe region appears to be split into two separate linear
regions on the graph – the ϐirst at 0-2mmdisplacement, the second at 2-6mm. It also extended slightly:
1mmbeyond that at 0.25N. The ϐirst cycle had a large trough at 7.5-9.5mmdue to one corner of the skin
(proximal to the tensometer) slipping and becoming partially unglued from the acetate. From approxi-
mately 10mmdisplacement onwards, there was a clear increase in friction force with each consecutive
cycle (with the exception of cycles 4 and 5, where the reverse appears to be true or there is overlap).
This is something that was not seen with friction between Lorica Soft and nonwoven fabrics.
Again, under 8.1N, there appears to be two linear regions to the toe of the graph – the ϐirst at 0-2.5mm
displacement and the second at 2.5-7.5mm (ϐigure G.7). Cycle 1 has a larger “toe region”where the skin
took longer to reach the second linear phase (of friction force against displacement) during this cycle
than any other. The toe region relates to excessive sticking of the skin to the anvils before slipping,
perhaps larger in the ϐirst cycle due to the slow recovery of skin. After about 10mm displacement,
there is a general decrease in friction force from one cycle to the next, contrary to the results under an
applied load of 2.6N.
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Figure G.5: Friction forces between nonwoven fabric DC6 and excised breast skin under 0.25N
Figure G.6: Friction forces between nonwoven fabric DC6 and excised breast skin under 2.6N
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Figure G.7: Friction forces between nonwoven fabric DC6 and excised breast skin under 8.1N
G.1.3.3 Discussion
None of these graphs have a noticeable peak, clearly identifying static friction force, as was seen with
all measurements on the skin surrogate and most on volar forearm skin. The behaviours are evidently
different, but it is still unknown if the same mechanism(s) were operating for both the surrogate and
excised skin. It may be that the differences observed so far are irrelevant to the onset of skin damage,
in which case Lorica Soft might remain an appropriate surrogate for extensive friction testing. Alterna-
tively, they may be direct indications that Lorica Soft is of little use for predicting frictional behaviour
of skin and that Amontons’ law does not always hold. Before any such inferences can be made, more
data must be collected and the coefϐicients of friction corrected for applied load.
G.2 Compression tests
The compressivemoduli of excised breast skin wasmeasured under a range of loads to ensure that the
anvils used in friction experimentswith the skin surrogatewere appropriate for frictionmeasurements
on the skin. This was important to know because the manufacturing process of the anvils involved the
use of a base similar in compression to that of the surface againstwhich the nonwoven fabricswould be
pulled. If themanufacturing base/surface is too different from the test surface, the anvils may not have
the same contact area, therefore altering applied pressure. These compression testswere performed in
an attempt to quickly, but fairly accurately, estimate the compressive moduli of the excised skin within
the force range used for friction measurements.
It is, of course, noted that each person’s skin is different, not only visually, butmechanically, and, to an
extent, structurally. Furthermore, the samples used for these compression experiments were not then
used for friction tests due to the insufϐicient quantity of skin (smaller dimensions and only one piece).
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Nevertheless, it was assumed that the moduli of the skin would have small enough variation between
samples so that the few measurements made could be considered representative of all excised breast
skin. It could be argued that measuring the compressive moduli of each sample to be used in a friction
experiment would bemore reliable andmore accurate, but themain issuewith carrying this out is that
the aim of these experiments is to assess the suitability of the current anvils for use on skin. All friction
experiments may have been completed before discovering that the anvils had applied a broad range of
different pressures to each sample of skin. Other issues include timing, dehydration of the skin before
commencing friction measurements, sample size, potential damage to the skin (during compression)
and experimental setup (apparatus).
G.2.1 Materials & methods
For all compression measurements, a digital indicator [Mahr Millitast 1075 Digital Indicator, Mahr
GmbH, Göttingen, Germany], depicted in ϐigure G.8, was used. It applied a starting known load of 0.79N
and dead weights were added to increase normal load accordingly. This piece of apparatus was cho-
sen for these measurements because it is simple to use and incremental load application can be easily
controlled.
Figure G.8: Diagram of Millitast equipment (extra loads are applied to the skin through the anvil(s) by adding
dead weights to the upper platform; thickness is measured by the apparatus and displayed digitally)
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Figure G.9: Sample of excised skin in compression apparatus
1. A photograph of the skin was taken after cleaning, before and during (see ϐigure G.9) the com-
pression test. The skin was distended to its original size ( 30mm 30mm).
2. The smaller anvil was attached with double-sided tape to the larger anvil of the Millitast appa-
ratus and the thickness of the smaller anvil was measured. The thickness of the skin was also
measured with this apparatus.
3. The skinwas attached to the ϐlat surface of a piece of corrugated plastic – the samematerial used
to make frames on which to fasten excised skin for the experiments described in §G.1.3. This
was so that the skin may be compressed while the skin was more or less, under the appropriate
natural tension.
4. A “zero” thicknesswas set by switching on the digital screenwhen the bottom anvil was touching
the platform. Thiswas checked by raising the anvils by the lifting handle and lowering themback
onto the platform.
5. The skin was securely placed – with its “support” – on the platform under the anvils, as shown
in ϐigure G.8.
6. The full weight of the anvils were applied to the skin and the new thickness of the skin was
measured, having allowed 5 minutes for the reading to stabilize. The pressure applied via the
smaller anvil on the skin surface was 2:5 kPa.
7. Seven weights, each 10g, were added to the platform for weights individually at 5-minute in-
tervals, between which, the new skin thickness was recorded. One ϐinal weight of 11g was also
addedbefore the apparatuswas unloaded, again, at 5-minute intervals. Themaximum total pres-
sure applied reached approximately 5kPa.
8. The previous two steps were repeated for a total applied load of 490g ( 15 kPa) added all at
once; the load was then completely removed (minus the weight of the apparatus anvil).
G.2.2 Results
Figure G.10 shows the relationship between compressive stress and strain for a sample of excised
breast skin. As expected, the relationship is non-linear and the rate of change in sample thickness
slows as the applied stress increases. However, these data are not particularly enlightening without
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Figure G.10: Stress-strain curve for excised skin sample
the equivalent data for the skin surrogate. Compressionmeasurements were not carried out on Lorica
Soft due to the study ending prematurely, but would be useful to carry out in future before continuing
with friction measurements on excised skin, for reasons explained in the introduction of this section.
AĕĕĊēĉĎĝ H
RĊĘĊĆėĈč EęčĎĈĘ CĔĒĒĎęęĊĊ AĕĕđĎĈĆęĎĔē: EĝĈĎĘĊĉ
ĘĐĎē ċėĎĈęĎĔē ĘęĚĉĞ ĕėĔęĔĈĔđ
BĊċĔėĊ ęčĊ ĜĔėĐ Ďē ęčĎĘ ęčĊĘĎĘ ćĊČĆē, David Cottenden – a former PhD student in the Continenceand Skin Technology Group – applied for ethics approval for a study to measure friction between
nonwoven fabrics and excised breast skin, using the equipment described in §3.2.1. This apparatus
was, in fact, originally designed for measurements on human skin in a ϐlat conϐiguration. Despite ob-
taining REC approval and due to factors beyond his control, the study did not go ahead. After this,
the intention was to continue the work on excised skin to bridge the gap between friction measure-
mentsmade on ϐlat Lorica Soft and those on (curved) volar forearm skin performed in this project. The
REC application was amended to accommodate a new researcher/investigator and extend the study
end date; the updated protocol, written by David Cottenden, has been included in this chapter to sum-
marise the planned work. The actual experimental procedures attempted were described in appendix
G.
185
  
1 
 
Protocol for a study of friction between human 
skin and nonwoven fabrics 
Alan Cottenden1, Sabrina Falloon1, James Malone-Lee2, Jayant Vaidya2, Alan Wilson2 
 
1Department of Medical Physics & Bioengineering, University College London UK 
2Department of Medicine, University College London, UK 
 
August 31, 2011, Version 2.3 
 
 
 
Full title of study: An experimental study of the friction between excised, healthy, 
blemish-free human skin and nonwoven coverstock fabrics, preparatory to theoretical 
modelling of this interaction. 
Short title: A study of friction between human skin and nonwoven fabrics 
Chief investigator: Dr. Alan Cottenden 
Co-investigators: Miss Sabrina Falloon, Prof. James Malone-Lee, Mr. Jayant Vaidya, Mr. 
Alan Wilson 
Sponsor: University College London 
 
 
Summary 
 
     Wearers of incontinence pads and sanitary towels frequently experience skin abrasion due 
to friction. The Continence and Skin Technology Group has worked for some years to develop 
techniques for measuring this friction in vivo. In order to deepen our understanding of how 
this friction works, we now need to conduct a study on excised skin. 
     The study will involve taking residual skin from routine mastectomy operations and 
performing microscopy and some mechanical tests on it. There will be no interaction between 
the investigators and the participants; all interaction will be via the participants' surgeons, 
who will make the initial approach to their patients, and obtain informed consent. 
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1 Introduction
The work described in this document follows a series of in vivo experimental studies of friction
between skin and nonwoven coverstock fabrics (similar to teabag material, and commonly used as
topsheets in incontinence pads and feminine hygiene products) which have provided the immediate
motivation for this study (§1.1). The eventual aim of the project of which this study forms a part is to
develop a mathematical model that can predict (at least semi-quantitatively) the friction between a
particular person’s skin and a certain nonwoven fabric on the basis of their material properties.
The procedures proposed (§2.3.1 and §2.3.2) have been trialled as far as possible using an unverified
skin surrogate (§1.2), and so it has been established that it is very likely that the study described here
will meet its stated objectives (§1.3).
1.1 Background
Three million people in the UK are incontinent of urine, and the prevalence is anticipated to increase
further as the population ages [1]. Whilst many sufferers can be at least partially cured, the significant
minority who cannot be fully cured require products to manage their condition. The most common
product type is absorbent pads. When pad materials and skin are wet the coefficient of friction
between the wearer and their pad increases [2], increasing the vulnerability of the skin to abrasion
damage [3].
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An improved understanding of the mechanisms of friction between skin and typical nonwoven pad
coverstocks is needed in order to design products that are less damaging to the skin.
The Continence and Skin Technology Group (CSTG) have been researching friction between human
skin and nonwoven fabrics (such as those commonly used in incontinence pads and other hygiene
products) for a number of years. In the course of this research we have developed and published
methods for repeatably measuring this friction, and using these methods have discovered that under
the same nominal conditions the friction between a given fabric and equivalent sites on different
people can be quite different [4]. Further, a set of subjects ordered by increasing friction against
fabric A will not generally be in the same order for fabric B. This represents a significant advance in
the study of the skin / nonwoven system.
We now wish to understand why this is, and to model it mathematically in terms of the material
properties of skin and nonwovens, and so in the long term to understand how to design fabrics
that are kinder to the skin. This requires that we gain a microscopic understanding of the interface
between the two surfaces and the nature of sliding. This is not possible using in vivo skin (as in
previous work) due to subject movement and the requirements of microscopy: excised skin is needed
for the research to progress.
1.2 Preliminary experiments
In preparation for the acquisition of human skin, experimental methodologies for investigating the
interface between nonwovens and thin (∼ 1 mm) silicone rubber have been preliminarily developed.
These have included methods for (a) examining the nonwoven-silicone interface under a microscope;
and (b) determining the force required to drive the interface at a constant speed, whilst simulta-
neously observing the interface under a microscope. It is hoped that as silicone rubber has many
comparable mechanical properties to skin its behaviour will be similar enough that experiments
developed using silicone will be readily adaptable to use skin.
The experiments are described in detail in §2.3.1 and §2.3.2.
1.3 Aims and objectives
The role of this study is to elucidate the mechanism by which friction arises. To this end, the
immediate objectives are as follows.
1. To establish the nature of the skin-nonwoven interface across an anatomically representa-
tive pressure range. This will require a small number (roughly five) of varied skin samples to
be observed using the method described in §2.3.1.
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2. To establish the relationship between intersurface intimate contact and friction across the
speed and pressure ranges specified. This constitutes the most substantial and quantitative
objective of this study, and will require ten or fifteen skin samples. The method for obtaining
these data is described in §2.3.2, where the reason for the adequacy of a relatively small sample
is further explained.
Experiments relating to each of these objectives must give an indication of the extent to which the
mechanisms and rules identified are common to all people. Consequently, the individuals from
whom the skin is taken should vary in ethnicity and age if possible so that any important features that
are identified can be established as likely universal, or not. However, though this would be desirable,
it is not of primary importance for the present project.
2 Methodology
This section describes all procedures and methods that will be employed in the execution of this
work, including the identification of subjects, obtaining consent, and the sourcing of skin (§2.1); the
transport, storage, and disposal of skin (§2.2); and the experimental methodologies that will make
use of the excised skin (§2.3).
The timing of different stages in the skin acquisition and storage, and the experiments are given in
§2.5.
2.1 Identification of subjects, consent, and tissue sourcing
This study will involve working with two surgeons based at the Whittington Hospital: Mr Jayant Vaidya
(JSV), and Mr Alan Wilson (AJW). Both surgeons routinely perform mastectomy operations, the skin
from which is generally smooth and free from hair. This makes it well suited to our experiments: in
this exploratory work it is more important that skin is uniform and simple than that it is from the
diaper area.
Criteria for inclusion in this study are as follows.
• The patient is on the operating list of JSV or AJW for a mastectomy: less major breast surgery
will not yield skin samples of sufficient size to be usable in the study’s experiments. A minimum
size for a sample to be used in this study is 2 cm × 2 cm.
• The patient is 18 years old or above.
• The patient is capable of understanding the information given them about the study, and is fit
to give informed consent themselves.
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It is possible that patients who have consented to participate in this study will not yield any suitable 
samples in consequence of the details of their surgery. This is unavoidable, and necessary so that 
normal surgical procedures are not interrupted. 
 
Criteria for exclusion from this study are as follows: 
  
 The patient is under 18 years old. 
 The patient is incapable of understanding the information about the study or or giving 
informed consent themselves. 
 
All interaction with the patient will be via JSV and AJW, from first identification of patients scheduled 
for mastectomy on the operating list, through initial approach and information, to consenting. The 
researchers will never meet any of the patients, and will have access to no personal information 
pertaining to them. 
 
The procedure from first identification to the skin being handed to the researchers is as follows. 
 
1. Operating lists are provisionally decided on a Monday morning. JSV and AJW identify any 
mastectomy patients, and contact Sabrina Falloon (SSF) if any suitable patients are scheduled, 
for organisational purposes. The identity of any such patient is not passed on. 
2. JSV and AJW conduct clinics on Monday and Wednesday mornings, during which they will see 
patients on their forthcoming lists. During these sessions they will make the initial approach to 
the patient, and provide them with all the information that they will need to make an informed 
decision as to whether or not to participate (see appendix A).  
3. Surgery is conducted on Tuesday mornings (AJW), Tuesday afternoons (JSV, AJW), and 
Monday afternoons (JSV or AJW). Normal practice is for the patient to consent to the operation 
immediately before it; at the same time they will be asked whether they consent to take part in 
this study also (see appendix B). This will give each patient at least 24 hours (Monday clinic) 
or five days (Wednesday clinic) to consider the information given them. However, there are 
some cases where it may be necessary to get consent less that 24 hours before the 
operation, such as a patient having a pre-clerking appointment several weeks before 
their mastectomy. 
4. JSV and AJW will contact SSF immediately prior to the relevant operation so that he can be 
waiting outside the theatre. When the operation is complete, skin from an unaffected part of 
the breast will be taken by the surgeon and given to SSF, who will begin experiments as soon a 
possible. The Whittington Hospital Pathology laboratory have consented to this sample 
bypassing them. All samples will be anonymous, though the hospital notes will carry the study 
number. 
 
This will be continued until sufficient samples have been gathered: as discussed in §1.3, the number of 
samples needed is expected to be about 20, and will not exceed 30. No more precise figure is possible 
due to the exploratory nature of this work. 
Materials                                                                                                                                                                                  5 
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Appropriate training and experience: Procedures which incur a heightened risk are carried out by
people fitted by training to do them. The principal example in this study is deferring to SB and his
surgical training for the preparation of skin.
No other significant health and safety issues are raised by this study.
2.5 Projected timing
The purposes of this section are to clarify the rather complex train of events which follows the
surgeons’ receipt of their operating lists, and to give an approximate guide to the start and end dates
of the work.
The sequence and timing of events following the surgeons’ receipt of a week’s operating list early on
Monday is laid out in table 1. It is important to note that in all cases the patient will have at least
24 hours to consider whether or not they wish to take part, and in most cases several days. The
relatively small number of mastectomies on any given list means that most of sessions during which
the surgeons operate will not result in any skin, and so no action will be needed. For this reason, it
will be possible for one person (DJC) to conduct all of the experiments.
As stated in §2.2, no samples will be retained beyond 24 hours after their removal; there are therefore
no issues pertaining to tissue storage.
Mr Jayant Vaidya estimates that he and Mr Alan Wilson perform a total of three or four mastectomies
per month, so it is to be expected that 20 samples will take in the region of five to ten months,
depending upon the uptake rate. The PhD project that this work forms part of currently has well in
excess of a year to run, so it is very likely that the study will be completed in good time for the end of
the project.
3 Ethics
This study involves very little interaction with the participants that would not otherwise take place,
and none on the part of the investigators. All samples and the data generated from them are
anonymised prior to supply, with no links remaining to the participant other than the recond of the
study number in the hospital notes. Samples will not be retained for substantial periods of time; all
will have been destroyed by the end of the study; indeed, they will not be kept beyond the period
that experiments take, which will be no more than 24 hours (§2.5). Samples will be obtained from
residual material from normal, scheduled operations that would be undertaken without reference
to this study; no additional procedures or alterations to existing ones are required. The skin would
otherwise be disposed of by the Whittington Hospital.
In consequence of this, the primary ethical requirement is to obtain informed consent from partic-
ipants. As described in §2.1, this will be managed by the prospective participant’s surgeon using
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materials prepared by us (see appendices A and B). At least 24 hours will be given, where 
appropriate, to the prospective participants in which to consider the information, before 
they are given the opportunity to take part or not when consent is sought for their surgery 
(§2.1). In cases where the surgeons believe that information would best be given less 
than 24 hours before surgery, they will deal with this pragmatically. Consent forms for 
this study will be kept with the patients' notes. 
 
Though the samples will be anonymised, they will be kept in a keypad secured laboratory. 
The data obtained by experiment will be entirely untraceable to the participant, but will be 
kept on password secured computers; our practice with experimental data of this type is to 
keep them indefinitely. Samples will be coded with a single number, and linked to the gender, 
ethnicity, and age of the participant, as well as a general description of other skin conditions 
and medical interventions which may significantly alter the skin. 
 
4 Expertise 
 
Dr Alan Cottenden is a Medical Physicist with 25 years' experience working on incontinence 
technology. He has managed, directed, or participated in around 25 clinical trials of 
incontinence products and clinical studies involving in vivo measurements on skin. 
 
Sabrina Falloon is a PhD student in the Continence and Skin Technology Group, a joint 
venture of the departments of Medical Physics and Medicine. Her previous training is in 
Medical Engineering. Her direct supervisor is Alan Cottenden. 
 
Prof. James Malone-Lee is Professor of Medicine at University College London, and has been 
working on incontinence for about 25 years. In this time he has overseen 15 clinical trials, 
and has considerable experience in this respect. He is head of the centre within which this 
work will be undertaken. 
 
Mr Jayant Vaidya is a Fellow of the Royal College of Surgeons, and is presently a Consultant 
Surgeon and Senior Lecturer at UCL, based in the Whittington Hospital. He has recently taken 
up this post, having previously practised in the University of Dundee for five years. 
 
Mr Alan Wilson is also a Fellow of the Royal College of Surgeons, and is a Senior Consultant 
Surgeon based at the Whittington Hospital. 
 
Mr Samuel Bishara is a Member of the Royal College of Surgeons, and works with Prof. James 
Malone-Lee in his research group. He has worked on a number of clinical trials in this context. 
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